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FOREWORD

A low weigtempty to operational gra-weight ratio (W.) is an important factor con.
tributing to a successful design of any alr.trensport vehicle., But this ratio is eneeiallV significant
for aircraft operating in the VTO mode. In 0*- case. one can nut ic.rease the aircraft takeoff
weight by extending the ground run, as the case may be in CTO. or even STO. machines. Conse-
quently. We values (based on the maximum permissible gross weight for vertical takeoff operation)
is the most important factor dictatang the level of useful load and as well as the payload that
con be carried. No wonder that a continuous search for the lowest poesible W values is a char.
actoristic trademark throughout the history of rotary-wing aifrlfL

In order to understand the course of this endeavor, one must realize that victory or defeat
for a low relative weight empty depends on the oulcome of the quest for the lowest pouible
relative weights of all major rotorcraft components. Going one step further in aieyzing the
march for a low Wi,, one should anticipate that strength and rigidity vL. weight characteristics
of structural materials represents one of the most important factors dictating the level of relative
weights of maeor rotorcraft componnts

The Intent of this study Is to acquaint the reader with some historic perspectv of the
continuous fight for low relative weight-empty of the rotorcraft as a whole, as well as for their
major components, It is also intended to show how the size of aircraft - as expressed through
its maximum permissible flying gross weight - could affect the relative weight levels of the com-
potents and the rotorcraft as a whole.

In an attempt to convey an indepth perspesive of historic and size-related trends, current
(wheiever possible) as well as hypothetical Soviet helicopters ae included in this study.

To assist the reader In understanding the influence of structural material characteristics on
the relative weight levels of major rotorcraft components, the weight effectiveness of materials,
both for static and fatigue-type loadings are reviewed. Then, cursory expressons ame developed,
permitting one to rougly estimate how the strength effectiveness values of structural materials
could. in turn, affect the relative weights of the components. In some ces, it is also indicated that
because of special constraints. possile weight reductions can not be realized in actual designs.
Coequen-ce of requirements for high momens of inertia in the case of lifting-ror blades (entry
into autortation and conng angles) " re reviewed as an example of such con sints.

In conclusion. structural matsrialis that Wp to exert the highest impact on reduction of
rwioweeaft component weights an briefly reviewed. In this respect weighteffectivenes indices of
materials in various loading modes are given. Operational and econom constraints which may
limit the practical use of some materials in spite of the promising strngthweight characteristics
we briefly discussed.

The concluding remarks at the end of this report also contain remommendetions for studies
alog the lines indicnd here.

This study was initiated by R. Shinn; formerly of AVRADCOM. St. Louis (presently, at
MCDonMlU) who, at that time. visualized the project ass joint venture between AVRAOCOM and
Insernetionel Technical Aociaes, Ltd.. with Mr. Shinn being assigned as technical monitor of the
proiet. However. following his departure from St. Louis. all technical work became the sole
responsibility of ITA. Technical cognizance was eventually traisferred to the U.S. Army Aviation

Research and Technology Activity at Ames Research Center, with C.C. Ingalls serving as technical
monitor.



Within ITA. the undersigned served as principal investigator and was assisted in the trend
studies by A. Schmidt (formerly of Booing Vertoll, while Wands L Mauz was responsible for
compuser inpute. a well astfor ne eiditing and comnposition of Me 111311

In the course of the project much valuable technica: mateiel was obtained from AR&TA
and the following companies. Aeroepsaleo. doong VertoC, and A;bB. while the following repro-
senlthe of gowenmeont agencies and companies representoigi th aircraft industry, were kind
enouh to contribute their personal suggestions end/or review of parts of the text: Or. R. Carlwn
and Mr. C. Ingalls IAR&TA). Mesmr. dAmbra (Aeroepatiale). C. Albrecht an R. McIntyre (Booing
Vertol). H. H~uber IMIS), and R. Shinn (McDonnell). To all of these organizations and individuals.
We Wish to emprses our inCere thanks.

W. Z. Steopniewsokl

Drexel Hill. Pa. USA
April 26.,1967
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CHAPTER I

TRENDS IN RELATIVE WEIGHT-EMPTY OF ROTORCRAFT AND MAJOR
STRUCTURAL COMPONENTS

1.1 Introduc'tion

Ke. ing the weght4mpy to Orosweight ratio (referred to as relative weightampty

WO), a low a posible is on@ of t most impotant factors lo creating n opcati'Ially 4"f.
dent vehicle as far as Ioad-cr'yirg activities or time on station is concerned. Two other very
sillnificat inputs toward the god of transportation officlancy are (1) the roedly interpreted
block speed (Including such aspects as wrn-around-time and time required for srvice), and (2)
fuel wumption per unit of grons weight and unit of distance treveled.

In the case of time-on-station, fuel consumption per unit of grosn weight and unit of
time In operation will be substituted for Items (I) and (2).

It Is obvious, hence, that knowliedge of statistical trends in W. levels as woll s an under.
standing of all the factors influencing these tends, would be of prime inteest to both system
planners and dslignors of rotarywing aircraft in the West. and to students of Soviet rotorcraft
tchnology as well.

With espe- to statistical trends, the two most intereing would be (a) the temporal
Vend, representing the variation of We vs. the year that the rotorcraft was placed In wice,
end (b) the influence of aircraft ie (expressed through its maximum flying gron weight
W,,,.I on the relative weiht4moty level.

In detomilning the factor influencing W* values, one may anticipate that strength.
weight chaacteristics of structural materials would play an important role. It should be re-
mmb erd, however, that the other two previously mentioned factors; namely, block speed

and fuel conoumption would alse Influence the W. magnitude.
For 1ntance, speed requirements may be Instrumental In the power-installed value

and hence, the engine-weight level, while fuel consumption would influence the weight of the
fuV m However, in spite of the fact that powerpla t aspects represent a significant factor
ontributng to the W. level, this report is exclusively devoted to the study of the influence of
non-powerplent retrcraw t structures, since incorporation of the powerplant would approx.
Imoitly double the requirw effort.

It is obvious that the We lv will, in turn, be Influenced by the relative weights of its
meor ,oIs. Consquently, in order to obtain a better insight into the formulation of
the m at important relative weilght-mpty tends; namely, W. fltme) and W. - rFiw,*),
d4b statistical trends will be established for Western and Soviet rotorcraft for the following
eler components as deflned In Ref. 1.

1. Main rotor blades

2. Main rotor hub and hinges
3. Fuselage (with cowlings)
4. Landing gear
S. Drive system
6. Fuel system
7. Flight-control group
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In this way, groundwork will be laid for evaluation as to the extent that potential
improvements in component relative weights resulting from the application of advanced
structural mateias may contribute to a reduction of the relative weight-empty of a rotorcraft
a a whole.

Trends in thet toil-rotor group and propulsion subsyitems, which are usually also classi.
fled as maior rotorcraft compo-sfits', wre not examined here. as their contribution to W
values may be considered as second-order effects. A detailed study of the fixed-equipment
group, although quite important from the We point of view, is also not performed here, as
the requirements for this group are, to a large degree, determined by the customer.

A formal definition of relative weighteompty may be based either on design (Wd,..) or
maximum permissible flIight I W,1 J.) gross weights.

In the firt case,

W - WSWW11.1)

and In the second.

We. - ea S (1.181

where We is the weight empty.
Selection of the maximum flying gross weight as a reference basis (Eq. 0a)) should

be considered as more meaningful for the establishment of comparativet weight trends. This
is due to the fact that design grow weight is often established! somewhat arbitrarily, while the
maximumn permissible flying gross weight Is usually more definitive in determining the actual
rotorcraft operational loed~carrying capability'.

Consqunty, in this study, trends in the relative rotorcraft weight-empty and roea.
tive weights of their major components will be carried out, using W,,* 1, as the basis for corm-

.2.
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1.2 Treads in Walght-kmpty to .ros-Weighl Ratios

1.2.1 General

The Sikorky R.4. introduced into service in 1943144. was the first production heli-

cap in the world. This rotorcraft. at a maximum flying gross weight of 2,540 Ib, had a weight

empty of 2,011 Ib; thus, its weight-empty to gross-weight ratio amounted to W,- 0.79.

With respect to Soviet helicopters, the Mil Mi. which entered into service in 19S1 -

seven years after the R-4 - was their first production model. Its weight-empty to maximum

gross-weight ratio was also equal to 0.79.
Through the years. values of the weight-empty to maximum gros-weight ratios de-

scended from W. - 0.79 (high for any aircraft), attaining a level in the West of We - 0.41

(McDonnell-Douglas 500E), and 0.5 In the USSR (Mil MI-26).

Table 1.1 was prepared in order to show in more detail the variation of the weight-
em to maximum flying gross-weight ratio occurring throughout the yas, as wel" as the

influence of rotorcraft size (expressed through maximum flying gross weight) on relative

weight empty. Here, all the necessary information regrding maximum flying gross weight, weight

empty, and year of Introduction into service was assembled for a number of Western and Soviet

rotorcraft covering the time span from 1950 to the present; even showing some projections

up to 1998. The main source of data for helicopters was James Yearbooks from 1950/51

through 19851863. Information regarding Western hypothetical tilt rotors was obtained from
Ref. 3, while inputs related to Soviet helicopters were gathered from Ref. 4, supplemented

by data from Ref. 2.

1.2.2 Temporal Variations of WF Ratios

Temporal variations of the weigtempty to the maximum flying weight weight ratios

listed In Table 1.1 are graphically presented in Fig. 1.1. This figure illustrates how the high

ratios of We -0.79 for th R4 and Mi- have evolved through the yeas to the optimal level of
0.4 for Western and 0.5 for Soviet helicopters.

Looking at Fig. 1.1. one would note the folloming:

1. The 1960-1960 time span represents a period of rapid improvements in the We

ratios of both Western and Soviet helicopters of all configuratiom. This. of

course, was chiefly die to the replaesment of reciprocating engines by much

lighter gas turbines. From early 1960 to the presn gains in weight-empty

appear much dower. The state-of-the-art progress cn be judged by the so-

called optimal boundaries of Soviet and Western roercraft.

2. Looking at the optimal boundaries, it appears that as for as the potential state-

of-the-t is concerned, Western technology Is still able to produce helicopters
with a lower weight-empty to gross-weight ratio than their Soviet counterparts.

However, when one looks at the actual points of Western and Soviet helicopters

for the 190M., it appears that '11 41t0013e W. for the west would not be as

.3.



TABLE 1.1

RELATIVE WEIGHIT-EMPTY ESTIMATES

NM 9100 03 IVIN NY of o1W1 OR. 0C 9T

loropta3 SI-S3 1973 14315 0303 0.31 &1lso mm~ as too Po

d.evdtia3. AS-321L 11111 11410 9402 0.51 Also 1kee a tfie bSuf Puma
harmsybaI. u1s 113 0920 5992 0.67
Alesta 6-1091 397 73? 1126 11.11 Alm called INk It
Awalasbys 14-101 1914 2200 125 0.5? Km a Saw.
hit WilIl 19"9 ro00 31161 054 AIso t~o" (Army) troes s 41hil 41
0.1 WE-IS 1961 11500 4519 0.53 hit b.0. 204
0411 Se-lOIN 1963 "50 5210 0.55 0.13 1.0.1 215
hit AN1-I 19.? "50 6013 0.64 41W3K bass s Nda 20 - " Cob..
0.11 WI-1N 1970 11200 3122 0.52 0411 biul 212 ICOMIji C11-1351
hit 412 19111 11900 40 0.54
0411 21"T 91112 In500 %$51 .55 alu kems *s.hpo Trarokwt
11111 m-IS 911 1500 9370 0.44 bit 11 t .0.1 Wa ky IV-151
of: tmiS -2. 3990# 5500 11811 0.50 5P..oct4 hfrvice you 44101. mosion
Ir. ring V.2.0 I990 41w4 list# 4.41 9rejected weltse VON (970O. vorsagol

be u at*) D-47* 1943 Mu to"5 104 .4?
h.,.S w#tel DO-4?* 1943s 31000 17,13 0.34
1@0161 '"rtoI 03-44* 1944 21440 12406 0.511
hso& -tol CM-461 3964 213041 ISM9 4.4 At"K k o as Sa liaebt
he, -. W12 3947 4000 19355 0.49
30, -. £-ifl' 19,A 21100 1 1 *14. 0.57
ke ---- 4 ertc, cN47 194 44M0 20347 0.4
bpi rrtal VC01-626 3979 l400w 4 0.44

ft"'5, 1-4 1979 19700 9M0 .0.
041 dc (-413 390 500 23l461 0.44

"1~ are 401 3131 90m0 26300 0.5? Km so Luo aw Nelicepter
FoolO. byo 391 28445 1349 0.40 Nypoeticall $TO
1510. or H- ,90 22493 13449 6.41 Nypthetical VIA

ftoul-w.,'~o1112 350 1441 0.41
lko~~e - 36 2100 101610 0.53 lm Oftipateo tie Opache

400 -.- 0 144 550 262? 0.51
*SLiosaaI:4-. 39111 left 137 0.w3

Pio'ck -. ' 1951 4140 4332 0.4
Pusct 3-: 1951 Ism0 0391 6.5

luivl N- 1 355 1300 1430 0.57
Sa~ikosk N-370 M53 330 20033 0i .4?
SiliusIk 5-31A -tI 235(4 9143 0.4S eff dustiApaw W124 IS-I 4513
Sibersty S-631L e1 19060 11912 0.42 AIN I"m as ie Park 11
Islikesh CN-34A 1944 420M trip1 0.43
Sikorsky MIx 19.4 2251 3251 0.40 Also too" as S-6li
ikorsky CO-3,4 Ma, 6000 !37M 0.54 11-9A Alsoboom as C-SAilS 5avtra&.#
Sikorsky CN-541 30cb 42W0 39234 0.44 S-64F
Lockheed 00-5* l901 215510 12215 r-. 54
Sibletty 011-5311 1949 4200 2.405 #.5..
Slesky S-41 2949 42us 39170 0.44 Also Is..o as CN-54 seycraho

*Sibersky 5-74 19 330 Saw0 0.54 43I .boo a Park 11
ikorsky 111160 3979 2925 lv&24 v.'?2 i ssuem as pilot 400

Sikorsky 01-531 910 130 2 .45 S-410 'base. ano IL "lit F6,l0401
Saiosky 5-73 90 IWO~. 64'1 0.64 41VARCui Composite Airrame firc~fsoi C~.io
1.0 fifliolI S4-123 1966 :ix5 144,.0 0.35 Almo I Ion al.siiSke Fro.3s 1wroti
ohiaod N6-3 3s 972 9no $:to 9.53
0.slla" L11 1911 iov $611s 0.57
U.513a. 30 (11 3912 32130 .012 0.51
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IIELATW E *EIIGHT-EMPTY ESTIMAT ES (CCNTD0)
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J"..:svty ',jwer. I," , ated b. the ,ptiirnal b,..tirics. rJithelnote. !cckirg

at t, 0 values for Soviet hypothetical heliccpters, espec ally of tte single-eotor

co;f,glurat .n. it ap ers that the Soviets hote to cls. the Aeizht Op ei, st!:,

with the West, and are probably working in mat direction.

S. With respect to the single-cotor and tandem Western heicopter configurations.

it appears tnist. in general, the same prugrebs with urne regarding weight-empty

applies. In the USSR. the greatest progress in lowering the weignt-emptv ratio

was meoe for single-rotor contigurations. This progrem is also projected tor te

future, as inoicated by the vaiues for the hVpotnetical machime.

As to the tilt-rotor configuration. it is clea" that the We level for the XV-15

aircratt presently in use is much higher, even for STOL operations. than the

average for present-day helicopters. Current weight estimates for the V-22 tilt-

rotor show that its weight-empty to gros-weight ratio for VTO conditions

should be on the level of the XV-16 with STO. and for its STO gross weight, the

V.22 weight-empty ratio should approach that of some current helicopters. It

can also be seen from Fig. 1.1 that the projected values of the We ratio of the

hypothetical tilt-rotor (Ra. 3) are expected to be even better than for the V-22.

4. Moderate improvements in the weight-empty to gross-weight ratio from the

1960s to the present are partially due to further improvements in weight aspects

of enginet. but also probably reflect progre in structural weights of all other

major helcopter comrpoonents. In order to obtain a better pictur! of this aspect.

the contribution of component weights and changes with time will be separately

examined.

1.2.3 Effect of Rotororaft Sie on Relative Wieriht-Empty Levels.

In order to examene whether or not there is any definite trend regarding the influence

of rotorceaft size - as expressed through its maximum living gross weight - on the weilgit-

empty to maximum livng gross-weight raio*s. We values in Table 1.1 were plotted vs. Wmex

on the sem&-Iog sale (Figre 1.2). Looking at this figure. the following can be noted:

. Since the socalled optimal boundary may be interpreted as in indication of the

ste-of-the-art potential. it can be clearly seen that as far as Western helcopt
ae concerned. equally low W'* ratios can. in principle, be 60heved for smal. as

wel as large helicpWters. lOweirs. looking at the overall distribution of points

repreentng the Western helicopters in Figure 1.2. it can be determined t"at. on

the vesag. there is s0.1w improvement intttf ;re weght-empty with size as

far a pure helicopters are concerned. Data for ooviet helicopters - as e pressed

through optimal boundaries nd the overall distribution of points -w orem to

suppor the fren of relative weight improvement with soe.

7
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2. In order to got a better icea regarcing thes relationship between the relative
weigtempty of a rotoreraft and its size, the etfecte of the rotoreraft maxismar
fling g;oss weight an the relative weights of all major structural components

should be examined. This wid be done in a way similar to the weigt-tempty Case
by plotting the relative Weght ot each of tne ma&o compwnental vs. maximlum
flying groew weight.

.9.



1.3 Trends in Relative Weights of Main-Rotor Blades

1.3.1 General

As in the preceding case o relative weight empty. vie relative weight of the main-rotor

blades (Wbl is defined with respect to the maximum operatonal gross weight of the rotorcraft:

a,- wdw ns.), (.2)

where War is the actual weight of the blades. Although Ow weight of main-rotor blades is not
the largest contributor to the empty weight of the aircraft, its influence on the t" level goes
beyond its direct fractonal particpation in that quantity. This is due to the magnitude of the

centrifugal force generated by the blades which, in itsel, is proportional to the blade weight
and thus, strongly influences the weight of the hubs a blngs. Furthermore, the blades and
hubs, together, form the lifting system; representing the meet Important assembly of a rotor-
craft. For this reason, trends in the relative weight of themain-rotor blades ee very important
to the rotorcraft designer. Trends in main-rotor blade weigts for a relatively large number of
Westrn and Soviet helicopters. covering the time span frn te arly ISMs to the present, and
even beyond, are assembled and presented in Table 1.2. klut for Western r torcraft presented
in this table were chiefly obtained from weight statenamof various helicopter manufacturers.
while this information for Soviet machines was obtained from Ref. 4. Both temporal and
sie-related trends in Wal we shown in this table.

1.3.2 Temporal Variations of Wb Ratios

Temporal variations in relative main-rotor blade wimpssare given in Figure 1.3. The
following observations can be made from an examination of tnwflure.

1. With respect to Western helicopters, it appers "2at as far as the potential of
achieving low Wbi values, as expressed by the weimal boundary, the Western
industry, even in the early 1950., could prods relative blade weights not
much higher than those of contemporary heliopsrs. Looking at the overall
distribution of points representing Western deigns, one finds that. on the
average, only a slight decline in WbI values wib time* can be noticed. This
temporal trend exists in spite of the appeaream of new advanced materials

with better and better stength-to-specdicwoot ratios. One may expect,
henc, that these new materials would contribuleto the decrease in Wa, levels.
However, euch constraints as rotor axial momas, of inertia and blade coning
angle reqJlrements do not permit one to takefbtll advantage of the material
potential In practical designs. This subjet is mie thoroughly investigated in
the Appendix to Chapter 2. It is also interestingo note that the relative scatter
of Western points is not very large. With respectto the tilt-rotor configuration.
W61 values of the XV.15 based on STO operatis are even slightly better than
the optimal boundaries for pure helicopters. ThIXV.15 points for VTO opera-
tions are slightly above the optimal boundary.

-10-



TABLE 1.2

IIELATIVC GLADE bk8GUT ESTIMATES

wit sw - kt115 WELWIWI

NFU UL E Wil 1 I LVIO 8! hkl 011 OI. ofUMS

Aimj"100 W3"4 1975 163.5

h'sioat'le MI P34 42 ~
"upsakesil M-6111 190 Mof

but ui-4I ~ 1903 I.* M1 4469wrs a

Ig111Sakll Wi-11~ IV0 3C6 2900w4mae

5.) U6-110 1913 954 ?storlg Ostu

hit W-IS 1%1 9"d0

bli 5941b 1970 1120Co0o
biII 22.M1 1962a~0 7.0 0.*59

5.86 41? Ito1 Ilk*
3.11 21411T 19M 6750
hitI IV-i5 13 two0 493.0 *.002
hli/lhrnus v-22 I9W "m0
biikme V-22 1990 4150

Ous8u 6.1.1l 06-44 :W* um30 1414.0 4.0432 Steel ISb
hbang vortil W4610 1964 2140 SMe @.3119 steel S-s1
ImuVetoMai CN-44 19.1 2333
htpli v.1.1 06-47 69*? OWN0 14 41.11423
Smug vertal 06-41 6960 21:44 905. 0.0423

SMal Vets ,C0.20 1979 14094 6264.6 0.0423 1 161'"1411

Smiuag Vertul owu-61* 19 19140 1??.# 0.#44;
Sus.4 Vorto) 0-470 Ito 5"144 213.0 41.042t

Smugq Vet. 2:40 101 48W3
sIeue vow. It" M.S

ftonowtmIf W64 19113 lie0 631.0
w Miami% 191 Ilto 260.2 0.0524

hSOK&I 110-2 1951 *l* 225.0 02
plammob 0.21C 191 Iwo0 132.4 0.4421

hIUKOi 110-1411 895 204 .2"0. 0 1.4519 A sks Matmcoo~U
11e~y -341 195 U333 500.0 0.401

hai1 -37 1955 bWo 8120 cad1

SamS -614 19111 20340
Morle S-6IL 1961 19006
b. klp CR444 1964 4200
siber~y ol-35 1964 225 51.0 *.0

Iaeip 6-4 196 ot2o :1.0. 051
bet 01-531 .110 44000 21".4 Lo0w4

Sacop -41 69409 42M0

Sael 76ld lite 1.4 046. 0.05
Ilitj C-60 IWO 1141:u.1 C..39

5.4baaam 4.:1 19.. :64*4
uului .- 13 691 4530 0.448 0.04
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RELATIVE BLADE-WEIGHT ESTIMATES (CONTOD)

MIA 5411 waIMI NEaCWTEN

NF IIO V LT1 of6 11.1111 ofh II of cull's

Ism 4I-1 25t 4960 35U.6 0.0707 11sgoo Cotractau
ml 11-1. 395 CIS5 363.0 6.614 Ittww suvela r e

via 11-4 1133 MICO 1240.0 0.005 Pv.,..ali, htrudee lbralumis Soi
191 111 1939 9,7u0 7772.6 Lo0w BA... it..I-tv Soa

tIS 41-6 1959 93700 543O.5 1.011M

553 01-4 lid5 :456 1471.4 6.0m5 Estrauuo larolel. spa
116 III 911 20% 0270.9 Ma i b. Ore
go 11l-16 m0 1375 771.0 0.0921 40.0 itifi-um s

mar Il-I'l 1962 2050

AM3 41-24 1973 24:50
ON3 11-26 196 12)16
III NA-25 1961 14100
ow1 KA-26 1910 lid5 30.0 0.040 Itaa.-Igateats

m3 1&1~ 11167 1600
go9 V-Il 1909 2315611

lskboe 51-1S 1913 38160 1:".$ 0.054
IikaO ea U-241 39113 60160
1ahchbi U-93 Ito 131315 7305.0 0.0543
isukilek TA-I 19113 3830 1691.4 0.0440
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2. Unfortunately, the Soviet trends are not supported by Statis~iCal Clata as rK-
tensive and reliable as that in the West, but still, one may makce a fair judge-
mental aittemp~t as to the following observations: Fronm the eariv dovs af the Mil
Mi-l and Mi-4, considerable progress relating to te relative Wlade waeght *as
made. This wal visible from the caoe of the Mi-O (19691 points showin~g a reuuc-
tions in Wji, from 8.3 percent for their original blades having steel tubular spars.
to 6.35 percent for later designs (probably fiber glasal. The same trend was
oberved for the Mi-S where the relative bladep weight was reduced from 5.59
percent for extruded Duralumlin spars, to 4.84 percent for the glaes fiber design.
For thes Mil Mi-2 design which was basically put into service in 1966, wall - 4.46
percent Is not much different than fth optimal Western values. As for as pro-
jections for the future are concerned. points for t hypothetical helicopters,
seem to indi w that the Soviets hope to attain se Whi levels represented by the
opia Western boundaries.

1.3.3 Effect of Rotoreraft Sine on

The efe~ of rotorcreft size on the relative weight ef main-rotor blades is examined
* by plotting Fib, vs. maximum flying Won weight (Figure 11A). Looking at this figure, the

following observations can be made.

I. The shapei ef the optimael bounfary for Western helicopters. as well a the
distribution of points seems to indicate thist the Wi - ',e function attains
its optimm value for medium size helicopters of the 10,000 to 20.000-pound
nmaximm gyou-weight cha. There seems to be a maerked tren for an increas
in W., vsaues a the rotorarot won weight decrease; from thes 10,000-pound
level, lt ontrast, orly a skigh Vend toward en increase in the relative blade-
weight lievel can be noted as ft helicopter yesa weight increases beyond the
25,000-pound leve. Within the 10.000-pound a almlo 150.000-poaund maxi-
isam fyesasih range. the siieage iP41 lee Oa Western helicopters don
net ~see w be much different than about 4 SaP It should also be noted
tha with few exemptions, the Scatter of Weew. wits from the 4 percent
leve is not very high.

2. Wilk respect to Soviet helicopters, it Is somewhat difficult to establish the
optimasl boundary at higher marimum flying glaswmight values other then
tha corresponding to the Mi-8 (approximetely at sle 20.000-pound point on
the graph depicted in Figure 1.4), since this invebitlor has been unable to
secure actual bladle weights of such new dsigns as te Mil Mi-20 and Mi- I?.
It wee shown in Refs. 1 and 5 that the Mi-26 is quft similar in many respects
to thes Tisotheniko hypothetical helicopter. thus. it may be assumed that its
Wlade weights would also be not much different from those of the Tishchenko
SR-52 helicopter. Based on this assumption. aptowe boundaries for Soviet

.14.
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helicopters was extended beyond the Mi-B point. Looking at the so-established
opurmal bounUary, as welli as trig Cacta points, it apsiedrs trieS tne same con-
clusions as those derived for Western helicopters appear feasible. The values

of ii,. 'gnu to attain their optiuum level luA the IU.UUi( to IU.tU*-pnd
maximum growweight close and, outside of this boundary, they tend to sharply
increase with a decrease in W,,.. values. and increase only moderately us the
Is$8 level becomes higher than 20,000 pounds. As for as the general trend is
concrned, it appears that relative blade weights of Soviet hali ?opters tend to be
slightly higher than those of their Western counterparts. As to iuture trends - as
expressed through data for the hypothetical heiricopters'i - a e would find that
f 4c the single-rotor helicopter in the upper medium grow-weight class (about
40,000 pounds), they expect to achieve i., leves as good as the Optimal ones
for Nyestern machines. However, for large helicapier of the Mi-26 class they
seem to accept higher relative blobe-weight values than those of the West for
both singlei-rotor and tandem helicopiterrs. By contrast, for the side-byl-side con-
figuration, they expect to do better than has been accomplished in the West. It
should be noted that the trends represented by the Soviet hypothetical tandem
and side-by-side helicopters are probably not vary significant. as there is no indi-
cation that they are developing any large helicopters of these cordfigurations.

Ishm~~~ ~ ~ ~ ~ BA M....s



I.

1.4 Trends in Relative Weights of Main-Rotor Hubs and Hinges

1A.1 General

Relative weight of the main-rotor hubs and hinges (,;,,) is related, as always in this

study, to the maximum flying gross weight of the rotorcratt, and is defined as follows:

-M Wh/WM (1.3) p

where Wh is the weight per aircraft Of the main rotor hubs and hinges. Similar to the preceding
caM of main-rotor blades, the necessary inputs required to establish trends for both tenporal

and size variations of the Wh levels were obtained from the weight statements of the menu-
faturrs of Western rotorcraft, and from Reference 4 for Soviet helicopters. These inputs are

presented in tabular form in Table 1.3. P

IA.2 Temporal Variation of WA Ratios 
r

Temporal variations In relative weights of main-rotor hubs and hinges are shown in

Figure 1.5. Looking at this graph, the following trends can be detected.

1. It appears that for Western helicopters, the so-called optimal boundary sustained

an almost constant level of slightly below a 4percent value from the fifties to
the early sventies. Then, in the eighties, it descended to a level of slightly below
3 percent. The decreasing trend in W1 values, similar to that of the optimal
boundary, can also be noted by examining the overall distribution of Western
helicopter points in Figure 1.5 and drawing an imaginary line representing the
mean-value line through these points. It is interesting to note that for the tilt-
rotor reprented by the XV-.15, W, values based on both STO and VTO maxi-
mum grow weights are quite close to the optimal boundary for Western hel-
coptrs. One should also note a consierable drop in the WA level in those cases
where stee hubs were replaced by those made of titanium. In turn, replacing
titanium hubs with hubs made of composite fibre materials led to a further
reduction in Wh. This clearly illustrates the influence of materials having better
strenglh-topeolficwelght ratios.

2. It Is difficult to detect with a degree of certainty, the temporal trends in the WA " - *
values of Soviet helicopters because of the relatively limited amount of data
avallable to this investigator. However, even on the basis of the limited informa.
tion presented in Figure 1.5. the following tentative observations can be made.
Although, through the years. the Wa levels of Soviet helicopters generally were
above those for Western machines. thore is an exception in the Mi-2 case, where
Its WA level is on the optimal boundary for Western helicopters. As far as future
trnds and efforts are concerned, there amars no projection (and probably,
lttle effort) to attain the optimal Western W, level for all configurations and
siles of helkOpters. This latter aspect will be more clearly visible in Figure 1.6
and thus, it will be more thoroughly discussed in the following section of this
repom
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TABLE 1.3

RELATIVE HUB AND HINGE WEIGHT ESTIMATES

t01 MIET -KSIE I MMLCp~ S

Awoaalle SA.1:J 97 14:13
bresti8ale M 16% "is l'
Asbeatal :63 963 3

11pwtotri 1974 Sri2
Apsta/Saborsy WaSist lI9I 2:044
6082 ko-lA 1959 M. 262.0 .0
bIt W-11 1961 no0 302.0 .03
bit W1ivei 2963 9s09

bi il-o 1970 121006

00-511 23170 U1 6.652
hit 412 81111 119,14

hell I.-Is 29113 I5sm0 3V6.0 .624?
hI2I11mosm, 0-?2 29946 SSW
6023160..g V.:2 1990 47,00
losin vortel C11-414 193 31155 1420.0 0.6311
being, Vuti LRm4l 1963 3300 141. M.43
knol votel 01-40 19.4 22016 W3.0 0.003

smog~ Optol 0"aO 2q 330 2. 009
hemlq Vmtml 8..-17 19.8 4A %616 4.41
hSmog vote2 Col-o0 19111 2:mG 7310.6 0.6.91
heung Yortel Lh-mO 190 87wo 1529.0 6.4663

heng vtol 8.6-411 low0 MA 1524.0 0.065
hmqg vertl 2341.1 29112 411500
forsha IO&m 19W 2ba.
Evefar "Ols. 19W 22491

Sahmel1mplas 54m Il 2192 53
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moivamoa 11-11710 29111 705 29.5 6.0281 Oaolos,. Titaium
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plamg WI*1 8953 5740 1,26.0 0.0390
sawgp 03:w 1955 23300 S92.0 6.6445
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liesaw 00-Z 1964 2205 051.0 0.03o9
Saiersk DoS: 33 "M. 4000 2660.0 0.6007

Saeriv0I-53 2966 00 8976.0 0.0495 1atacus lle
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Lae rieed At-W, 2968 M25A 2243.0 40.0502 Tianim Sl&900
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RELATIVE HUB AND HINGE WEIGHT ESTIMATES (CONT'D)

Smu 1161 -30knits KLIPiIS

on i auta 01 m IN byWAu6ssI ITeauu laItcm i

ISOR Il-1 1911 496o ?71.2 G.134
losit "1-2 1963 1173 291.1 0.01.5
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Ussl mI-b 1959 M70 7121.6 0.0762
USSR wI-I 1961 24450 1134.0 0.150
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usSR RA-26 1976 14
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go5 V-12 919 231500
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LtocII.9 at F,Tjrt 1 6 w"Oire Twalowt rub WOO*t1i" III *1~j Af@ 5o"C"Wn the tollowing

tUer-r-s sawn w~ eitiege.

&om re Ir,-As of t" "-%&~.I tos..tUw' OV ~ I'11-f-PI It A o~r$

11.61 the lowest 6A ievoi )I *I..At a.;'. .& e.vee. m~te ~ nlA.-

Ttr ;L.m ss wve~ght c-ass maw~i-es. F, r tv-h ii,-ivi arJ %.avitw ho.,cootet file
cA~t'T'ai ii, vbuet tend. to ithiedSo.b 'eacosng ps. - J.t % for tno 50J pound

glosawght. and doout 5's fior the 14;) CW.ouno i;os we~jht maCflnes. How-
eber. the overall datribution ct the b, pevits Seem to Suges that on the

ave'age. the etative woegrts %)t tme noo a'j ri-4$s flaw at dtxjut tE 4 % ievei,
Olthough the scatter ot is., %A~ues is Own eonsuierable It is also Co that. as
sinticatioO in trio preceding section. a tran&iton to structufai materiels with better
Stregngth/specifiC weight ratio$ it q.. from steel L; utinum, or trom titanium to

comnposites) reisults in canssattoola weigt savings. Itis ao interesting to note
that for the tilt-rOtpr Cunt,)arataon IXV-161. the it,, value for the VTO is right
on the helicopte optimal boundaryf. and tol 1 J operations, even below that
line.

2. There are not enough points for Soviet helicopters in Figure 1 .6 to positively
define an optimal boundary for Ism, vil". Hiowever, it apoes that. in general,
the relative hub and hinge weights of Sowvet produiction helicopters are higher
than those of their Western courterifetts. The kii-2 represens an exception, as
its vh point is right on the optimal bOwnday for W~estern helicopters. By
Contrast, Points for the MG- and Mi-10 are way abowe the tWestern trend with
it,, - 7.8% for the MiS6 and about 6 k% tot the MO-O halcooter. As to the

.ndications regarding future tionds. it srumad ao noted that lor the single-rotor

configuration of the 38.000-pound gr~ nclass. low Ws, %alues of about
4% are visualized (right on the optimal lanuiay ot Western heiiCoptilrsi. while
for the large single-rotor mactinefs of the AI.26 gross weight class -4.~

130.000 lb), Soviet goals are efore consrvatlwt - GA.). Projections for the
side-by-ie helicopters of the Nl-26 grass-vooot class appear tguito optimistic
with ft~ 3.7% - below tne Western o.malmsndary.
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I S Tfe-1' IM Rn elative Wilightl r'f Ftistops

1.5.1 General

The fuselage Weight group of a rotorcraft is considered here - as in Ref. 1 - to cunsist
of the foflowing eitements (a) fiisefage. NtI fortzrmfAl end vetical "e~r~na,7s. 1c0 "'qrivr
nacelles. and 4d) air induction system. The relative weight of the fuoselp 44f) i s deatned AS.

whelre Kf is thes weight of the fuselage group, representing the sum of the werignts of all the
sueLopo'nants listed above as items (a) t.hrough (0). lnouts. necessary to establish both
tompotal and size-related trends for relative fuselage weights, are presented in Table 1.4.

1.5.2 Temporal Variations of W, Ratio,

Temporal variations in relative weights of rotorcraff fuselage are pfesernted in Figure
1.7. from which the following trends can be deduced.

1. With retspect to Western rotorciaft. one should note that in spite of a consider.
able scatter of points, a general trend emerges which indicates a decrease in
Wf with time. This trend becomes even more noticeable when thei so-called
optimal boundary is excamined for Of~ values. Also, looking at this boundary.
one should %of* that relative fuselage weights for the crane configurations
for both the Sikorsky C14-54 and the Boeing Vertol heavy-lift helicopter are
below the Ii -e representing optimal Wf values of other Western configurations
Points corresponding to the tilt-rotor configuration as represented by the XV-15
show that the Wf value for VTO operations seems to be definitely above those
representing other contemporary rotorcraf 5. while for the STO ease, the W
is within the higher helicopter values.

2. It is more difficult to establish temporal trends in Wf values for Soviet heli-
copters, sincei this investigator has no reliable data regarding fuselage weights
for Russian rotorcraft o' the seventies and eighties. However, as in the pre-
ceding cases assuming that the hypotnetical single-rotor helicopters closely
reseimblet actually achievabls; weight levels, a tentative optimal boundarV has

w been extended in Figure 1.7 between the 19ON and 1983 abscissas. Looking at
this Iona and the general distribution of Soviet i$; points, one may conclude

that, as in the West. there should be a to-end on the USSR toward a decrease
in levthels With time. Nevertheless, it appears ttret, as In the pMst Soviet relative
fuselage-group wertights wuuld reain somewwhal above that of their Western
counterpar ts.

1.5.3 Influence of Rotorcraft Size (IV,,, on WVr Levels

The Influence of the size of the ratorcraf t. as eaaresud through its maltimum flying

gross weight, on the W1o level can be detected by sitaminialg figure Ilb. where one may note
the following.
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TABLE 1.4

RE LATIVE FUSELAGE WEIGHT ESTIMATES

I63 elfl WEA NU LVII 91 W~l NEICA! IE. ITOw '
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RELATIVE FUSELAGE WEIGHT ESTIMATES (CONTOI

i am am- lvi fluFT it I f n of

11 m-4 1113 IZOO 20&.J 0.110
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1. For Western velocopters. there is considerale scatter in the W9 values for each
maxim~um ;.os-weiqht c ass. However, within thtS scattr. it r-iers that in
general, the relative fusel. ge weights of the tandem configurations tend to be
somewhat ti~gher than thso of the tinglo-mctor type. Looking at the WVestern
optimas tiovundaey. one in, y presuime that, potentsily, the lc.*evst ..~, values
could be sic" ieved for the 2. 'sgle-rotor, medium-size helicopters of thne 20,000 to
25.000-pouno maximum grot s-wo~ght class. As for the cranei-type coifgurations,
it Is clear 'torn F igure 1.8, ao well as from F igure 1. 7, that this hei copter cate.
gory exhicits II, levels cons derablv below those of their non-crane counter-
parts. For th~e tiltrotor aireralt. deviations of the relative fuselage weight values,
once judged within the context of their gross-weight class, seem more favorable
when compared with helicopter - than would appear from" Figure 1.7.

2. In attempting to establish the goioss-weight related trend in if values for Soviet
helicopters. one would note from~ Figure 1.8 that once the point on the extreme
lef t corresponding to an early design iMi. 1 is excluded, the relative fuselage
weights of the fwti-2 through Mi. 12 are consistently close to 1W, as 12 percent.
The Mi-6 and Mi-lO form an exce~tiort, having if# values of 14.3 and 13.4 per-
cant. raspectiveily. From a plot of points for Soviet helicopters for which data is
available. I,, appars that, in general . their WI, values seem to be higher than fcr
their Western counterparts represetited by single-rotor configuratio~ns. With no

substantial data available fo'r relative fuselage weights of Soviet helicopters
from the seventies and eighties, it it assumei that the Wr values derived from
the slngle-cotor hypothetical helicopters of Ref. 4 should give an indication
regarding the trend. Following this isasoning, it appearsi that Soviet designers
are attempting to. and perhaps, alreacy have achserive the same levels regarding
relative fuselage weights as those in the West.
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1.6 1renos in Helative Weights of Landing UaeS

16 1 General

Thwre are three basic types of landing gears being used in rotary-wing aircraft:

(a) skids. (bi fixed. and Icl retractuue. Witnin tne most numerous group of u)i. Une may
distinguish a special sub-group of taller-then-usual landing gears for crones and heavy-lift

helicopters. One may expect that the relative weight trends may be sorewhat different

for each of the aoove-mentioned types of landing gears. In addition, some investigators

of the weight aspects of landing gears (i.e.. Tishchenko et &l4 ) tend to establish landing-

geir trends sepately for single-rotor and tandem configurations. However, tnis investi.

gator believes that differences in the relative-weignt trends of undercarriages for tandem

and single-rotor helicopters are not large eourgh to warrant establishment of separate

sub-groups in the present study.

The relative weight of a landing-gear group is defined as

W IasWig/W,. 8j. 1)

where W i is the weight of the landing gear, and Wins, as aways, represents the maxi-

mum flying weight of a rotorcraft. Inputs necessary to establish both temporal and

siz-reated trends in Wi values are presented in Table 1.5.

1.6.2 Temporal Trends in Wt. Ratios

Temporal variations in relative landing-gear weights are presented in Fig. 1.9.

from which the following trends can be dcduced.

1. With respect to Western rotorcraft, one would now that in the skid-type

lnding gears, there seems to be practically no chang in relative weights

over the years, with the Wit value being slightly aboe 1% of l'M 1 .One

exception is the the MOB 105 helicopter with WiV -2%. Relative weights

of the wheel-type fixed landing geas, when judged i the light of the so-

called optimal boundary at well as actual distributias of points, seems to
indicate some decline in W1. values with time - approaching, in the

eighties, the Wll i - 2.2% level. As expected, the relative landing weight

of the heaVy-lift helicopter is considerably how (hl 9 - 4.3%) than
those of the optimel boundary. One may expect Set, in principle. Wll6

values for retrctable landing gears should be highe than those for their

fixed- type counterparts. This trend can be noted from Fig. 1.9. However.

the Wit - 1.66% value for the CH-S3E helicopter reWsents an interesting

exception. With respect to the tilt-rotor configuraion, as exemplified

by the XV-1. Its Wi is considerably higher for VTO oper.tions, and

slightly higher for STO operations than for helicoptesL

2. Having no data available to this investigator on WIN values 'or contem.

porary Soviet helicopters, the so-called optimal for relative landing-

gear weights was established usinj inputs for hypoetical helicopters of

Ret. 4. Except for the V-12 case, Wi points for all Wier actual helicopters

appear quite close to the optimal boundary. Looking at the trend sug.

gested by this boundary, it appears that similar I the Western case. a
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RELATIVE LANDING-GEAR WEIGHT ESTIMATES (CONT'DI
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slight decline with time in the value can also be depicted in Soviet
designs. Special tall landing gears for a cra". relicopter otbviously results
in a much higher W,9o level than. for normal undercarriages. One also
should note that the relative weights of Soviet fixed landing gears are
generally quite close to those of tt~eir Western counterparts. With fespect
to Soviet retractable landing gears, orne of the points shown in Fig. 1.9
represents the W1. value for a hypothetical hel icopter' . The anticipated

IV svei appears similar to those of some Western rotorcraft.

1.6.3 Influence of Rotorcraft Size (IV,,,,) on Wllevels

The influence of rotorcraft maximum flying weight on W.values can be studied
from Fig. 1.10. Looking at this figure, the following tvends can be detected.

1. In the Western group, one will note that, in principle, the relative weight
of the skid-type landing gear does not seem to be affected by Wml
values. Also, IW1 levels for wheel-type fixed landing gears does noat appear
to be affected (in a trend mansetr) by the flying groswwcight values.
Higher-than-normal Wv1. values !or the heavy-lift helicopter should be
attributed to the specific configurztion of its landing gear, and not its
maximum flying gross weight. With respect to the retractable landing gear,
there are n~ot enough points at this time to establish a meaningful trend.

2. With respect to Soviet helicupters, a treno of almost constant 7pvalues
with W... for fixed-whet' ype landing gears seems to emerge from an
examilnation of Fig. 1.1C where the so-called optimal boundary also
appear -present the average Wi ((Iypjl line. Extension of the
optimal dary using data for hypothetical helicopters 4 appears to
support .e trend of WtVS. W,,, being almost constant. Similar to the
case of Western heavy-llft helicopters, high values of the C-119 points repre-
senting the crone configuration and the Mil V.12 side-by-side helicopter
we exceptions resulting from specific lanuirg-gar configurations. There
is simply no data available regarding retrictable landing gears to establish
a trend of W11vs. W,,,aa This is due to the fact that all presently opera-
tional helicopters have fixed landing gears and, except for d single point,
this investigator could not find any WV12 v.Jues for retrz.table lanoitill jears
of hypothetical helicopters.
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E 1 7 1 General

~~~In w*,ht pr#x.,-Ctonil of th~e drive sNSlem, SeO~lat# esi~mateii jig Vui;:V made for

. l~Jtimnw4 the vveitt it the drive riv$llim wwiii W Lh'e Miiawtde uI l t@ Ot.a d t.I tf'). h{

a~ rtous e610T1eit$ it 'he Syster". Cinsequertly. such cfjr3cI ,et'is is power ,-st111Ce a ndl

R •overall trannilts~n lat . *Oulu MQ~v stronigIy direct the drawi-system vvei~t sevei "aln U16e 6'$ ,

% of a roturcreli exiiessW throuqti its maximum tlying gross vvqi,;nt. I me inf: ion'e ef PJUwr anJ ,

tran~m tss-on ratio on *r,rsmislsion woopI(t w l b dilicvte at the enda this seclon. Howevoil

i ==. Sin~Ce tr~o 0101,111t sru . is alinqe et ptessntinl the ifiti=onc of rehattve wei.,rts %)t ni=4tor (vthr. v-

cr"eaft comoontrit on reialive weilit empty, the same prislotouti waill be maintained. Conot.

[] [I " - quentty, with fvw~t to vroignt, the drive s-fStemn W.U o treatoU as a singis whole, erid (ts ,

relative *eight (lt do ) will be related. as in preceding cost to the tiximum flying weight of the

rotorcreft. Thus. w

Is do 'z$ d./WV... 1.61

!

W doI vllues will Us exained. Basic data required for establh~ng these trends are 9-,ien in T to)le %-1.6.

1.7 2 Temprael Trends in 'a Rio st

nempgral var.aions in relative dive-system welr- are presented i F+. 1.11 tfor

which the llowi treds will be deduwed.

"veraWl reaNul ct to Wosern rotorcraft one would notoe tout e hehcopter%, the scatter
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IltFiv the tilt cow a oll rateiaan - are engented t the V .6 - the f tli vslue s aoe

hrorcr at II for VTO opeations) than for cot rewondhulhehtopteis.
Aoiet Inl the psnerllo exhibit trends similar ti thos of thtr Western counter-

part& Their o r amll b nidasr for existing mardi s rtlver cl tse t hat of the arest. A

tenti. extension otoalt bound y on the blsis.! data tw Sovtet iopothetic ltrflins

close to Welstern ptOlttons. There is aso a similo~ity in thescetter of pvintz fur t';s tWO des"J"I
schol Looking at ie proetion at represnted bY the otefei henicopttrs. of" would
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1 7 3 %'1 Tro'ndl witS Resnoct to Max imum firms Wight

Re~ative weights of the drive systemn - as defined by Eq. M6 - are rlotted vs. maximum

flyin;, gross weight in rieg. I.1 Ii tamination ut tni figuie wou suggest tne i~i.wwo~j tiiiuw.
Should on@ sketch an optimal boundary for Western rotorcraft, it would show that

no defirlito trend appwars in vio tilde - tAm"*l (ti~itJ ~ Fun rmore, lu,5ji I at oie Jis-
tribution of the averase Wds values. one would get the impression that - similar to trio tem-
poral trend, the Wits level remains, on the average, almost constant with respect to v a

(equal to about 8 percent). The Vrend indicated in tho previous figure is confirmed here with

respect to the tilt-rotor representation; namely, Showing saot the Wds Value, especially in
the VTO case, is higher thian that for helicopters of tihe same weignt class.

With respect to Soviet nelicopters, it was not possible to establish a clearly defined

opt~mal boundary. Looking at the hypothetical helicopters, it is interesting to note that with
the exception of the single-rotor 15 metric-ton class, the authors of Ref. 4 do not visualize
any reductions in lVds, values below traditional levels. Furthermore, for the 52-ton tandem
configuration, they visualize relative drive-system weights higher than those for the single-
rotor or side-by-side helicopters of the same weight class. and considerably higher than for
the Western tandem heavy-lift helicopter 4CH-62A).

1.7.4 Some Other Ways of Relating Drive-System Weights to Rotorcraft Characteristics

In order to determine whlttier the scatter visible in Figs. 1.11 and 1.12 may be reduced,
as well as to single out factors wlI ch may contribute to a future reduction in system weight, the
relationship of the drive-system vesight to other Principal roscrcraft characteristics is investi-
gated, Thus, in Fig. 1.13, the dr ii-system weight divided by transmission rating (PI is plotted
for Western helicopters vs. yar ' oduced into service,

A glance at this figure wi I suggest the following temporal trend in transmission wveiL nt
per horsepower of tranunmission iating, The shape of the optnil boundary seems to indicate
a rapid decrease in WI./ value! in the 1950-1960 timhe perai,. and then leveling off. This
trend also appears to be confirmed by the overall distributionalf points, which also Inicates;
that in the 1960-19804- time period, the average drive-system weight per hp of transmission
rating remains practically constant at the W,,/P ft 0.055 lb/hp 1".M

A different method was used to relate drive-systemn wiit to other major helicopter
characteristics through the following parameter (it):

x - Wd1.I v1a'~/ 11)

where W,, Is the helicopter maximnum flying wei. in pounds and w is the corresponding
main-rotorts) disc-loading in PSI,

The selection of W,,vwas% the denominator in Eq. (11.7) was supported by the f ollow-
Ing reasoning.

In hover. the rotor horsepower can be expressed as

RP - T34i50FMVff2TA 0.81

whtI: r is the total rotor thrust, FUI is the rotor figure of merct p is the air density, and A
is the rotor(s) area.
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It .an be seen frcm Eq. (1.8) .dt

PHP = f(it !rA).

This. in turn, can be rewritten as

RtiPt - w). .V

As :n the preceding case, x valies for Western helicooters were plotted vs. year of enterlig

rervice in Fig. 1.14. Looking at this figure, the following temporal trend in x levels seem to
emerge. On the average, K appears to remain almost constant, and approximately equal to

0.0130 lb/l"ipst. The shape of the optimal boundary suggests the potential for a slight decline
in v values with years.

From the interpretation of Figures 1.11, 1.13, and 1.14, one may cunclude that there
is a trend toward slightly lighter drive.systems with the oassage of time, where the lightness
is judged by (a) the level of the relative weight (Wd,), (b) weight per hp of the transmission
rating (Wal/P), and (c) by the values of the x parameter.

-42-

L II



, CL

. .. . . - .i -. - Y -... . .

--r~.~. 
LL .K

Li _ ..
€.

rll
Li. ..

I.. 
-:'..

D.t

4

,

Li
I 0 1

I --- •i *,- V--
I 

-.

'TT

lu ll . _. ... .....

.43.Lt



14d Ts (onus in tri~itv lye vtsL ot IFus, 4ybtaii

1 8.1 General

In weight-prediction methods, the weight of the fuel system is usjallv direct;y related

to tWe fuel a .city of Lre aircLrdt. Furtirnore, it rngy ue eoelecteu inat tme weiynt of this

system would be strongly affected by such factors as self-sealing and crash-resistant require-

ments. For this reason, it may be anticipated that a large scatter would be encountered if one

relates the fuel-system weight to aircraft gross weigut. Nevertheless. this latter approach will

also be used here. Thus, for reasons already discussed in the preceding section, the relative

weight of the fuel system I-Vf,) is defined as

- WIWM.., (1.10)

It should also be noted that because on the average, (W11ev m 1.6% (see Table 3.81),

changes in Wf. values would have only a secondary effect an the rotorcraft weight-empty

level when compared with the influence of relative weights of other major components. For

this reason, only a brief examination of gross weight-related trends is performed here. Basic

inputs for this task are given in Table 1.7.

1.8.2 Temporal Trends in Wt.

Even though the data shown in Figure 1.16 is somewhat limited, looking at this figure

one would note that for Western helicopters there is, as anticpated, a large scatter of Wr.

values. Further insight would indicate that these higher Wf values (as high as 2.10%) represent

military helicopters, where crash-resistant and self-sealing requirements are applied, while the

optimal boundar remains practically constant vs. time. remaining at about the 1. 1% level.

With respect to Soviet helicopters, one would note that their optimal Wf, boundary

stays very close to its Western counterpart until the mid-sixtie. and then dips below it with

future projections to a low level of Wf t 0.8% only. For relative fuel-system weights, the

general scatter of the actual and hypothetical helicopters is comparatively low. In that respect.

it would be interesting to obtain data for their comoat-type hdicopters, where self-sealing and 0

crash-resistant requirements are probably incorporated, and see how their Wr, values would fit

into the general trend picture of Fig. 1.16.

1.8.3 Influence of Rotorcraft Size on W1 Level

A glance at Fig. 1.16 will indicate that for Western helicgle 4 there appears to be no

visible trend in the variations of Wf, =f(..M). A closer examstolic will show, as indicated

In the preceaing subsection, that the Wr, value is primarily infinsnd by crash-resistant and

self-sealing requirements, and not by the helicopter size.

As to Soviet helicopters for which there is apparently no crashresistant and self-sealing

requirements, ordinates of the optimal boundary remain practically annstant throughout the

weight range, and Wf, values for other points do not excessively devote from the optimum.
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RELATIVE FUE L-SYSTEM WEIGHT ESTI1VA7ES
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RELATIVE FUEL-SYSTEM WEIGHT ESTIMATES (CONT'D)
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11118f t0 the Case Of the Crive sVStemn inl Ve wei '1t-predjction procedure, separate

5ststorm-. Hooe ?r, h*.'# ai,n. asi. ,Ctwnr 1.7. t ce wa.. we'tS Jf fl6r-t s-uliuls
%-! be corn$ioed( and. as usual. te reaive weig-1 oif tr-:s major ratorcraft component is

de'n"o as

'he uas~z data requred for estbolishnqo temporal and rotorcratt size related (based~ on
maximsom flying 1rcss weight) trends in i5f vioiiations am presented in Tal5e 1.8.

1 9.2 Temporal Trends in I$',, Ratios

Relative vveihtS of the flight-control group Ct :),th Western rotorcraft and Soviet
helicopters are sh'owvn vs. year of intrcduction into serice in Fig. 1. 17. Looking at this figure,
the following trends appear to emerge.

The optimal boundary for Voestern helicopters suggests a potential for reduction of

WICvalues with the progress of time. H-owever, when one examines the overall distribution of
thit relative wesinrt points, it becomes clear that the temporal decriease in the is ' level was.
on the average. much Smaller than could be anticipated from the optimal trend. With respect
to the tilt-sot as represented by the XV- 15, it is quite clear that because of the presence of
rotor-sttitude controls, one may expect much higher if, walues %lan for corvent:onal hea-
copters

.Vith respect to Soviet helicopters. one would note that the temporal trend is similar
to that uof their Western counterparts. For instance. tie Soviet optimal boundary - extended

J ~tOooard livio Values for hypothetiCAi helicopters - seent to nocate both an actual trend and
U,.. 1 porolaebly a conscious effort at present as well as in the futi~re toward redu -tion of the relative

weight of flight controls. It also appears that in spite ofaihigh 1VI , level for tile existing side-by.
Sil helicopter (Mai V- 121, they hope that in the futuA; the relative weight of flight controls
for the side-byg sods configurations can be kept basicoly on the saie level als for the single-
rotoor configuration.

1 9.3 4 Trends on Maximum Gross u4eights

Itelative wieightls of the flight-control group vs. W of both Western rotorcraft and
Soviet heilicopters a#e shown in Fig. 1. 11. vohere tte 'oliowiriltrends seem to emerge.

W~ith respect to WeStern herlicositers, once thle poontlirpresenting helicopters with little
boosting are excluded, there appears to bie little change in tie .)ptimal boundary as a functi~n
of thoe 16 .0 Clues. Slav Ing close to the A C 4 ii level. ht over all cdisttbutio'% of theisO
paints as well does riot load to a detetion of any clear pattern -if the var iation in the reilativet
weighit of the fl1,40il controls with resiect to lis ,. Points rqvitsenting the tilt rotor rotorciaftI
indicate that, as al!eady piointed out in tile pfir.;*dirg sutisecion. the I*,c vales for this con-
floolration are more than% tvbo oomis ht-.het ttian lot hehlicoteiti the SameS wvtiht class.
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RELATIVE F LIGHT-CONTROL GROUP WEIGHT ESTIMATES (CONT'DI
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For Soviet helicopters, the optimal boundary (extended toward hypoithetiral mar-hinos)
also appears, as in the case of Western helicopter%, close to the II e0 4% value. As for future
trends, only moderate reductions in relative weirihis of fli'ih 5o~rl areeoce.I sftr
esting to note that similar levels of lt$f, values are projected for all configurations (single-rotor,
side-by-side, and tandem), in spite of the fact that the actual relative weight of the flight con-
trols of the Mu V- 12 ~ieb~iehelicopter iswell above those for single-rotor types.



1 .1 0 L V .u - n

1.10.1 Contributions of Major Component Weights to Rotnrcraft Weight Empty

The relative weiqht-empty of a rotorcraft iW,) is obviously the sum of all the relative

weights of major components:

W~e - ;"A,/ ~ I *+ wig+ Wits+ Wfa +WC+i+ r+wos + Wen+ W,*. (112)

The first seven terms on the right side of Eq. (1.12) represent relative weights of com.

ponents whose temporal and size-related (W,.e,) trends were discussed in this chapter. Wr,
and P . respectively, are the relative weights of the tail-rotor group and propulsion sub-

systems, and the last two terms indicate the contribution of engines installed (We,,) and fixed

equipment (Wf,). __

Trends for W, and W.. were not examined here because their contribution to the

relative weight-empty is small.

The contribution of the engines(s) weight to weight-empty were quite considerable in
the past. i.e., Wen ft 0.094 for the H-21C helicopter of the early fifties. At present, for heli-
copters, they have dropped to a much lower level; e.g., We. ft 0.033 for the CH-470. Conse.

quently, further reductions in their relative weight values would only slightly influence the
relative empty weight. However, for other rotorcraft configurations - for example, tilt-rotors -
where the power installed per pound of maximum flying weight is considerably higher than

for helicopters of the same gross-weight class, the role of W.. in achieving a certain level
of the relative weight-empty may be more important. However, examination of the influence

of new materials on the specific engine weight is beyond the lJmits of this study.
Fixed equipment (as in the pest) represents an important contribution to rotorcraft

weight-empty as depicted by Wf. - 0.075 for the H-21C, sad W& m 0.074 for the CH-47D.

It is obvious, hence, that e reduction in Wf. values may represent a significant factor in re-

ducing the relative weight-empty levels. However, an investigation of possible reductions in

Wie values is also outside the scope of this study, especially in view of the fact that custon er

requirements probably has a stronger influence on the amount and type, and thus, th, weight
of the fixed equipment than any other requirement. Some of these aspects will be briefly dis-

cussed later.
Figure 1.19 was prepared in order to permit the reader to ascertain at a glance the

importance of various major component weights regarding their contribution to weight-empty

and, thus, to determine where the largest payoffs in reducing CV, levels can be achieved through
the use of new materials. Here, relative weights representing the contemporary state of the art

for the seven major heliconter components discussed in this chapter are shown in the order of
their decreasing values. T ie representative relative major component weights were determined

by computing their average values for the Western helicopbrs appearing within the 1980 ± 5

limits in figures showing temporal trends in the relative weights at components. The relative

component weight values corresponding to the optimal boundarV in the eighties are also
marked in this figure. This should give the reader some idea as am the already existing possi-

bilities of reducing the relative weights of these components
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1.10.2 General Remarks

The usual way in which technology progresses is by minor improvements over a long
time period, plus sudden introduction uf mij.;r bWekthiouughs. The *eitjht-ed-t1un iuvi;CsS
as applied to rotorcraft is no exception to this rule, where the appearance of new high-strength
materials may be regarded as the "breekthruugh." In principle, this may produce a substantial
reduction in weight. However, the weight reduction may be "Lsed up" in meeting such require.
ments as increased life and crashworthiness. Also because of the lack of data on long-term
field service life. conservative structural design is likely to be practiced, resulting in less weight
reduction, but more confidence in the structural integrity of the component. As service life
is accumulated, the weight may be reduced by redesign if the economics of the change are
favorable to the customer by reducing costs and/or increasing payload or performance.

General comments regarding weight-reduction aspects of the major rotorcaft com-
ponents discussed in this chapter will be given below in the same sequence as they appear in
Figure 1.19. But there Is one area which is difficult to assess; namely, the weight of vibration
reduction devices which, in some configurations, may represent a significant contribution to
the rotorcraft weight-empty.

1.10.3 Fuselage

All components which house the useful load, plus those that carry and transfer struc-
tural loads are included here. Thus, this category includes body, wing, tail, and some other
items such as structural firewalls and equipment, and the support structure that may not
normally be included in the above three groups.

It can be seen from Figure 1.19 that the fuselage as interpreted here represents the
largest single relative weight item of all major helicopter components. Consequently, any
significant reduction in the Wf level would have a considerable effect on lowering the helicopter
weight-empty value. However, possible gains in that area are difficult to assess for different
reasons, but there are two in particular. The first is comparative. How do you c6;inpare pro.
jec',ed savings. Typically, this is done vs. an all.met;I comparable vehicle, but the truth is that
we can not do a good job of estimating an all-metal aircraft for the following reasons. First.
there has been a gradual, but persistent, change in requirements, plus the gradual introduction
of composites during the past several decades; notably, glass-fiber for secondary structure and,
more recently, Kevlar and graphites. The second reason is that all-composite structures are still
in the early stages of development. It remains to be seen how the materials and their protective
coatings will hold up under extreme service and climatic conditions over the typical airframe
lifetime. In the immediate future, it may be expected that unknown program risks may be
avoided by adding extra plies of materials, etc., thij the weight savings may not reach esti-
mates based exclusively on strength-weight considerations.

The use of new analytical methods should better enable assessment of composite
weights; particularly since we are beginning to accumulate data from recent and curreat com-
posits aircraft programs such as ACAP. In the future, we can expect design techniques that
better integrate equipment, systems, and structures, including the impact of military require-
ments - all relying on CAD/CAM plus data bases.

The impact of detectability, crashworthiness, battle damage tolerance, etc,, are diffi-
cult to assess, particularly when compared to an all-metal design, since the all-metal design
should include all of the special features to the same standards as those of the composite struc-
ture. Nevertheless, judging from Figure 1.7, one may expect that the temporal trcnd of de-
creasing 5f values with time will continue in the future.
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i.10.4 .flive Systenm

The relative weight of the drive system, averaging about 7S percent for Western heli-

copters (Figure 1.19) and more for the tilt-rotor, represents the second largest contribution

to relative weiqht-empty. Hence, here, as in the preceding case, reductions in j 7. values consti-

tute a potential for lower ue levels. Therefore, it is important to xnow the factors that have

an influence on the relative drive-system weight. In this analysis. it may be convenient to

focus one's attention on srafts and gearboxes. However, there is ofe item that is common to

both; namely. bearings, as they considerably contribute to the drive-system weight. Unfor-

tunately, weight increases rather than reductions, can be expected in the future along with

the trend toward longer service life requirements. This is due to the fact that bearing site and

weight are a function of their life to an exponent that is larger than unity. Only minor rnp.ruve-
ment in bearing technology can be expected to offset that trend within the next several years.

With respect to shafts, the use of drive shafting running at supercritical speed can sub-

stantially reduce the weight of long shafts; mainly, by eliminating some of the couplings and

bearings that usually comprise the larger share of the shaft weight. Additional weight may be
saved by using composite adapters. Thus, overall savings in shaft weights may be expected on
the order of 20 to 40 percent when compared with metal shafting running at subcritical speeds6 .

Due to manufacturing constraints, the minimum composite tube wall for a shaft is

about 0.080 to 0.1.0 inches thick. This minimum thickness impacts the weight as follows:
obviously, for low-torque shafts, the tube will be over strength, since low torque is associated

with small tube diameters, but with over-strength and stiffer tubes, the distance between

bearings may be increased and, for a long shaft run, a bearing support and coupling set may

possibly be removed. However, this is not as efficient as increasing the diameter-to-tube wall
thickness (d11t ratio where stiffness is desired.

Consideration of battle damage usually results in a tube d;.meter of about 4.5 inches.
The combination of a 4.5-inch dismeter tube plus a given wall thickness of 0.080 as a minimum
will dictate the weight of the tubing run for small helicopters. The shaft rotational speed may

affect the number of couplings required for long shaft runs.

For 4.5-inch aluminum tubes, the minimum wall thickness is approximately 0.060
inches; thus, it can be seen that the composite tube will be lighter than that of aluminum,

since the density ratio favors the composite by almost 2 to 1.

It may be of interest to point out that for large helicopters, the tube diameter will

usually exceed the 4.5-inch diameter. It con be shown that for long shafting runs. the weight
is primarily determined by the distance between bearing supports (critical length). Critical

length may be approximated by C(P'/'/NJ'3 ), where P is power. N is rpm, ani C is 8.4 for

metals and 12.0 for graphite. In general, the roughly estimated weight of the proper composite
shafts amounts to about 70% of that of alurminum and, in addition, the number of bearings and
couplings may also be reduced (because of the longer critical lengthl to 70% of that for metal.

Thus, the total weight of ne long-run composite tube shafting may be approximately 0.7% of

that of the metal type.

Trends in the weights of rotor shafts are difficult to assess due to the need of mating

composites to metals at each end of the shaft, which would probably be required in currently
envisioned applications. If the shaft is relatively short (as is usually the case), a weight increase

will likely result, while the converse would be expected in a long shaft. It the typical planetary

carrier is made of composie and integrated with the shaft, then a savings estimated to be on

the order of 20 percent may be made on the combined carrier and sh waeight.
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Fc:using une's at-ert;on on gezrboxes, it may be expected that they .vill have casinrI
made of composites, with an attendant weight saving of 2 to 5 percent. Ref. 7 gives a good
insignt into this technological development.

Lubrication systems for gearboxes have not been investigated as seriously as other drive-
system components. There are two heavy comoonents in this system: blower and cooler. Other
than the use of composites in the blower, little can be done to save weight since the cooler must
basically transfer heat, and this is better done with metals, which brings up the following ques-
tion. Will the loss of heat rejection of a compcsite vs. a metal gearbox case result in a cooler
size increase, which woulO negate the weight saved by the composite case? For small boxts,
this will probably be true.

The remaining components of the drive system are the rotor brake and clutches. Rotor-
brake technology is similar to that for landing gears, since they both transfer large amounts of
kinetic energy rapidly into heat. No significant weight savings re projected here. Clutches are
of two main types: over-running, which are usually inside a gearbox and require no controls;
and engaging clutches, which are usually remote control external devices. This type is seldom
used, but when it is used, it can be quite heavy; thus, it is a candidate for weight-reduction,
although there is no known specific program at this time.

1.10.5 Blades

Lifting blades represent the third major component (see Fig. 1.19) as far as its contribu-
tion to helicopter weight-empty is concerned. However, with Iiial) ft 4 percent, this contri.
bution is much smaller than those of the fuselage and drive system. Furthermore, in rotor-
blade design, the promise of weight reduction is not clear for the following reasons. First,
autorotation capability and coning requirements may dictate blade mass (see Appendix A).
autorotation capability and coning requirements may dictate blade mass (see Appendix to
Ch. 2). Second. natural frequency is a significant driver of both structural weight (El required)
and weights required for mass distribution. In addition, blade strike, service life, batttle damage,
thus negr ;ng weight saved by elegant design solutions using advanced materials.

However, the use of advanced materials (chiefly cmpoles may result in preventing
weight increases, which should be considered of equal value to a we decrease.

One area where weight can be, and sometimes is, reduced isatthe blade root where the
blade is attached to the hub. Since the attachment is usually so faw idloard, it does not have a
significant impact on autorotation capability. Ideally, new blade dftdns will have root ends,
which consist of spar fibers continuing around a small sleeve; thus elminating a separate and
heavy root attachment fitting. Perhaps the flexure part of a simple hub can be integrated into
the root end.

In spite of all the constraints regarding possibilities of malieg roteurcraft blades rela-
tively lighter, Figure 1.3 wggests that some progrees toward loweringthe Wb, values have been
made through the years.

1.10.6 Flight Controls

The relative contribution of the weight of the flight-control system to the helicopter
weight-empty is, on the average, similar to that of the lifting blades (albut 3.8 percent as shown
in Figure 1.19). As far as conventional controls (mechanical linkagak hydraulic boosters, and
classical swashplates) are concerned, continuation of the present treed indicated in Fig. 1.17
may be expected. Which means that, looking at the overall distributih of points, only a slight
reduction in Wkf va;ues can be expected, although the optimal bountaries in Figures 1.17 and
1.19 suggest more spectcular possibilities.
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However, the advent of "'fly-by-wire" (F81W) and "fly-by-optics" fe-SO) flignt contro

systems plus the use of digital microprocessors, as well as the inclusion of automatic flight.
stablity and flhght-patri contrul in future systems nas resuited in a potential fr weight reduc.

tions. There is also the possibility that further weight reductions may be achieved through the

use of composites for cockpit controls, cunuul actuators, rods, and cranks. In view of the rapid

changes occurring in this area, it is difficult at this time to compare the overall impsct of these

new types of controls with the hydromechanical system, which will probably not be used on

future military aircraft. When actual production hardware of the FBW and FBO type is de-

veloped and tested, a meaningful assessment of weight changes can be made.

1.10.7 HubsandHinges

The relative weight contributions of hubs and hinges to We at (WA)Sv * 3.5% are quite

similar to those of the lifting blades and flight controls. Consequently, reduction in the rela-

tive weights of hubs and hinges are equally important.

Beginning in the 1970's, the temporal trend of the relative hub weights given In Figure

1.5 shows a noticeable improvement in Wh levels. The introduction of titanium hubs resulted in

a substantial weight reduction for a specific design application. This i$ clearly shown by the

1966 and 1972 points, where the upper points correspond to steel, while the lower ones corre-

spend to titanium hubs for the same helicopters. Unfortunately, primarily because of the large

variations in hub configurations and design requirements, the weight-reduction effect of ti-

tanium hubs Is largely lost in the scatter of the trend.

The introduction of advanced composite materials has resulted in some dramatic weight

reductions, even for the same helicopters (note the points corresponding to the 10,000 and

73,500-lb gross weights in Figure 1.6). But these gains are particularly remarkable where new

simplified hub concepts have been applied. The structural properties of the advanced composite

materials have, in large measure, contributed to these new concepts. Aerospatiale hui- designs

show spectaLKa,' achievements in weight reduction (see Figure 6 of Ref. bs). It remains to be

seen if this improvement can be applied throughout all size ranges of helicopters.
With respect to Soviet hypothetical helicopters (Figure 1.6). it is of interest to note the

range of hub-to-gross-weight ratios. The points for a 52 metric-ton helicopter of single-rotor,

tandem, and side-by-side configurations are puzzling as to why sucn a large variation exists

between the side-by-side and the tandem, which are both similar in concept except for orienta-

tion of the twin rotors.

It was expected that the teeter-rotor hubs would be lighter than articulated rotor
hubs, but this Is not true in general, although the more recent hubs are at the bottom edge of

the total population.

The main conclusions to be drawn at this time are that there Is a gradual decline in

the hub weight-to-gross-weight ratio with time, and that simplified hub concepts plus the use of

advanced composite materials will result In a significant reduction of the weight ratio especially

in smell helicopters and likely, in medium-size helicopters also. Further work may be required

to determine the feasibility of applying these same concepts and materials to lar.;cr helicopters,

and Investigating whether similar weight-ratio reductions as those of the small helicopters can

be obtained.
Materials other then advanced composites may also be developed that will enable the

hub ratio trend in general to proceed along or near the Wh - 0.02 values in the future. Looking

at Figure 1.G, it should be noted that Wh values for the tilt-rotor are at the optimal boundary.
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1.10.8 Landing Gears

One can see from Figure 1.19 that the relative weight of the landing gears may range

frum about 3% for the retractdble type to as ljw as Ag l . 1.0% for 4k.Js. ' or fiAed tyli

laneing gears, the relative weights for contemporary he;icopters is equal to about 2%. For
crane-type helicoptrs, MK.0 values as high as 43 tn 3 8% nay be exrected IF:1re 1 9) Conse

quently, the potential contiuton of lower 61, levels to relative weiglit-empty wouii be
governed by the type of landing gear.

As far as possibilities of reducing relative landing-gear weights in general are concerned,
advanced high-strength materials should contribute to that process, since a consiaerable portion
of the landing-gear weight consists of Icad-carrying elements which can be made lighter using

materials with better weight-strength characteristics.
The trend curves depicted in Figures 1.9 and 1.10, and the bar graops Ihown in Figure

1.19 seem to clearly indicate a possibility for the use of relatively light retractable landing gears
for helicopters, where a large difference between average and optimal W. values have already
been demonstrated.

Although there are no similar major differences between optimal and average Wg,

levels for fixed landing gears, the temporal trend of Figure 1.9 indicates a steady decline in Wi1
values with time. However, no such trend seems to exist as far as skcids are concerned - here,

the 18 level appears constant through the years.th

1.10.9 Fuel System

It can be seen from Figure 1.19 that the average relativ, ystern weight for Western

helicopters of the eighties amounts to about 1.6%, while the optimal level is about 1 %. How-
ever, as can be noted from Figures 1.16 and 1.16, large deviations up from the average values

are encountered, especially for military helicopters, where the crashworthiness and self-sealing
requirements are iti.orporated (see Section 1.8). It is obvious that undbr these conditions, the
W v contribution to ,he relative weight.empty of a rotorcraft may not be negligible.

In view of the uncertainties regarding safety requirements, it is somewhat difficult
to ascertain the influence of new materials (not only structural, but also sealers) on the relative

weight of the fuel system. Nevertheless, it may be stated in general that a*hough the Wg-, values
of future rotorcraft may rise, these increissas would not be as high as they would have been
without proper application of these new materials (both structural and nonstructural).

1.10.10 Major Rotorcraft Components Not Investigated in this Oapter

A glance at Figure 1.19 indicates that of the four major comporants not investigated in

this chapter, the fixed equipment consisting of the following represeuts the highest relative

weight value:

Instrument and navigation group
hydraulics and pneumatic groip
electrical group
electro nics group
armaments (including gunfire protection)
furnishings and equipment group
airconditioning and anti-icing equipment
loading and handling equipment

avionics.
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It is obvious that any appreciable change in the -- - 7 5", level would exert an im-
PoWtaInl influenCe on the r~toirtlft i:414.e lih-.JiW JU1V. Ul.' 14d:i 1 .p t:Art~dt br

stating a truism that it is desirable to make the if,, as low as p.tsib!e, little els, can be said
regarding the possible influence of advanced te'.h.,.: gv rnalrmls fin reductions tr ;Vf. idilu.

Furthermore, it should be rememoereo that the amount ut fixed equipment on a rotorcrait is,

to a large extent, dictated by Me customer. In mar.y cae;, this invoke selection of "off-the-

shelf" hardware that has been oualified to MIL Standards and thus, there is a reluctance to

change it, di-e to cost impact. However. some of the items couid be reduced in weight b-,- simple

redesip, of cases, r.icks, and plugs. This is particularly true of the avionics qro.p, plu. some

electrical items.
Recently, there has been more emphasis placed on the reduction of vendor-supplied

item weights. It is expected that this emphasis, pius some timely contracts, will result in sub-

stantial reductions in the weights of some fixed equipment. For example, why not integrate the

equipment case with supports? In some instances, this may be achieved with good results.
With respect to the relative weight trends of the otrier three major aircraft components

not discussed in any detali in this chapter, engines deserve a separate study which would-go

beyond the Wn aspects to include si'ch topics as specific fuel consumption and others.

In spite of the fact that the propulsion subsystem at FI",, - 0.75% represents next to

the lowest relative weight of major ct. nponents (Figure 1.101, It thould not be excluded from

an effort to further reduce the WpS8 level. In this ,espect, one could find that new materials

lboth structural aid nonstructural) might contribute to a relatively lighter propulsion sub-

system.
As to the last item in Figure 1.10 namely, the tail-rotor group, one may state that here,

also, potential advantages offered by cdvanced technology materials toward reduction in Wt.

values should not be overlooked. This. in .pite of the fact that small variations from the average

level of W,, m 0.6% would have little influence on the overall relative weight-empty values.
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CO'e of ine las rtit$c;f.'I - Makling ano 6.1cfsft aSd lO!3r-wn cont.;,.1-

tions in particuiar. an opertional success. is keeping ".# .ve ;n.el~moty to gross-wei~tit raito

as low &s posi.4.. T'is ratio (Calao reliet..4 we-,lt tinpt,, '* s, In ti..n. a suin ul T-C re~at-ve

weights of al-he rotwlcratl Co.~pu.'ts. ;P14s !o.,r a L4--If rlu~rtjr I.Q t ine P ii

bidities for sCftiv-vq low 0.values. it I imrpOrtant to0e M Wet~tli t"S tee pOri trendS and
qfteCts of rotorcraft &,.6 teail&.ird Mere tflrouwjq with res~mct 'a Tt re,drie we-ghts ,t

hecomponents Thas saproach should provi-a am important part of the foundation for investi.

gating tis sjiniuetv of tr acooicdttof of new advanced materials to) tht.Se con $-rients. and
forecasting tnelr ifl'rct on tMe Ai level cf 4utrr totorcratt

Temporal trelos an..1 gross-weight cis"5 ei lects cii relat ve iietgfts are qraphitcally pre-

ser-ted and ciscussea tot 1tire following indior components of Western ard Su. et helicopter%;

(1) masin-rotor bla"es. (2) hubs and hinges. j3) fuselam (4) lan.4irg gears, (5) drive system-,

(6) fuel system, ande 171 flhght-control group. For varmus reasons eixplained in the text. the

remaining tokr mioor components, namrely, (a) fixed ezuipmeit lb) engines. 4c) propulsion

subsystems, and (at tail-otor group, are only briefly diwssed nere.

4 ~Unfortunatel, with respect to the component jiscassed in detail in this chapter,
some interesting oasJ for instance, that related to hehu~ptef- componeents made of new ad-

vanced composite materials. as well as nonfeelicopter murcfaft components. could not be
included in this study because of proprietary a&"cus.

Also. fgure megaring component wieights of cuntirnporary Soviet he!icopters were
not available to this investigator. However, to compensate foitnis drawback, all trend figures

in this chapter are reproduced on a sutfficiently large scale . to enable the reader who fhas

acecess ce the mis.,ng dota, or wants to initiate hit or her rwn projection of a component

p - weight could plot points representing that additional intomnation. In this way. as well as

by adding points representing data which may become avaih4)e to the puulic domain inl the

futurre. this chapteir could biecome a "living document."
It is bellieveld that the current trend graphs, based on a'4vide-os-practical' statistical basis,

could be of real help in the following area. (a) development ofrealitic recluirements and spae-

ficstions for new rotueraft. (2) judgemnent of the 'good~tess'of a major component from the

point of view of *e*t in new design%, a"d 4c) selection of tt* most 'profitable aressas far as
reduction of rotoccratt relative wieight empty is conerned, sa then channeling researcm and

a . development efforts in that direction.
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CHAPTER 2

INFLUENCE OF MATERIAL CHARACTERISTICS ON WEIGHTS
Ur bT HujTUAAL tLItMNTS

2,1 Introduction

In order to evaluate the impact of advanced structural materials on weight of major
helicopter components, the relationships between the weight of simple structural elements.
various loading modes, and principal characteristics of various materials must be reviewed

first. Unce this task is accomplished, one can proceed toward forecasting variations in the rela-
tive weights of the major rotorcraft components by singling out the type of loading (tension,
compression, torsion, elastic deformation, etc.), acting on the most important structural CIO-
ments of the considered component. In this analysis, one should remember that structural %
elements of all rotorcraft are usually subjected to repeating loads of various frequencies %

throughout the operational life of the aircraft. Thus, the magnitude of the total number of
cycles would be influenced, among otiiers. by the following three major parameters: (1) in-
tended operational life. (2) type and size of aircraft, and (3) mode (also known as profile) of
typical operations. Consequently. all three aspects must be somehow reflected in the relation-
ship between the principal material characteristics and the weight of the component.

With respect to the presentation of the influence of new materials on the component
weight, it appears that one of the most suitable methods would be (because of the clarity in
showing its relationship to the relative weight-empty of the rotorcraft) to establish the ratio of
the relative weight of a major component fabricated from advanced materials to that of the
corresponding comuonent fabricated from traditional materials. In other words, the "tradi-
tional" component would serve as a baseline for measuring the actual or potential prugress
in structural weight reduction through the application of advanced materials.

The above-mentioned aspects are discussed in some detail in this chapter. In thoe
cases where, bicause of time and budgetary limitations, the investigation can not be carried to
the desired depth, their direction is, at least, outlined, which should help future students of
this subject.

2.2 Weight Effectiveness Indices

Tension. Assuming that an element of unit length 1 - 1) made of material n is sub.

socted to a tensile load of T Ib (Figure 2.1). the weight of the element would obviously be

W" - I X (T/s,7 , (2.1

whiere s is the permssible stres in lb/in' (i.e.. including all the applicable safety factors) corre-
sponding to the assumed mode of loading (e.g.. either static, or recurring io many times during
the assumed life-span of the component). an, 7, is the specific weight (it) n') of the struc.

tural material.
Una can see from Eq. (2.1) that for T - const. the weight per unit length of the etc.

ment will be propoltional to the quanti.v

(,#)' = (2.2)
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In contr n i may say tial "I-Ittness" of It%* e emert il~l be prcport cra1 t.) !*a

reciprocal of Eq. (2.2). i.e.,

which con thus be cal 'd Mir n iip/ft iidi r in tmnsion
Further exami -1-19 Eq. t2.2a4, oie would note mat the ratio on the rigt Side of the

equation has the dime . on of length, which can be interpremed *so length in inches of a ribbon

or road having a conltar. cross-section which, when hung vertically from some kind of supWft1.

will produce 11ta permis .ibI tensde tress ifn the uppermost section of that ribbon or r-nd. For

instance, for steel () st * 0.282 Ib/in3) having an ultimate tensile strength of s . 190.000

lb.in, the weiqnt41ttectivenus index would amount to as7,l , 673,760 in. Such a length ex-

pressed in inches is rather difficult to visualize. I hut, in order to provide the feader with a

quantity more eaily comprehendid, it i: proposed that the weightffectivenesa index for the

case of tension be redefined, and expressed in feet instead of inches.

Figure 2.1 Scheme of loading in pure tension

Consequently, Eq. (2.2al is rewritten as

(??,It M St/ 0 2,t,). (2.3)

Then, for the previously considered case of the ultimate usuo of steel, the weight

effectiveness index would be (1701 f 56.146 ft.

Compressilon. The same reasoning as in the preceding cam can be 4pliad to compression,

and the weightetfectiveness index can be expressed (in feet) as follow

(ftJ " S )(2.4)

whelre s is the compression stress allowable for the considered mode Of loading. The numerical

valie of m)c can be imagined now as a height ft0 of a vertical column of a uniform cross-

section mado of the considered material which, under its own weig t, would produce the

allowaLAi compIrllive ress at tle cross-section at the uas of tht colunn.

enin. In order to develop weight-@lectivenesa indices in berding. two very simple

models of beams we consideed. In the first case, it is assumed that the beam consists of a

relatively thin walled cylinder, where thickness t(A4 is uniform for theattole cVlincief having a

mean diameter of d (Fig. 2.21a)).
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(a) (bi

Figure 2.2 Schemes of beam cross-sections

In the second case, the beam aco-section is as-jmed to consist of two (again. relatively

thin) flanges (4r 4 h and t, -h), made of material for which a weighteffsctiver' m index has to

be established, and is connected by two "weightless" webs.

Weight per unit Icngth of the cylinder can be expressed as

WnCV, 1 Vdt7n. (2.5)

where thickness I can be found as follows: Under the t 4 d condition, the section modulus

for the cross-section can be expressed as

iiYad) - id 3 tl4 (2.61

&W thus for the bending moment 44. , the corresponding stress sb woulJ amount t3

Se o 4Mb/wd~t

and

t - 4MA,1lwd~s&. (2.71

Substituting Eq. (2.71 into Eq. (2.5). one obtains

It can be men from Eq. (2.8) that assuming ,f6- const and d - const. tha weight of the structure

would be proportional to the (7lnS$,I ratio and thus. is "lightness" would depend on the in-

vere of that ratio. Hence. as in the cases of tension and compression, as well as in bending of

relatively thin-walled beams having a circular section, the tsb/T,) ratio can also Lie considered

* / asan index of lightnea.
In the ca of a two-flange beam, let it be assumed that either flange can work in tension

or compression. Consequently, the thickness It) of the lower and upper flo wle will be assumed

to be the same (see Fig. 2.2b). The weight per unit-length of such a unit-wide beam now

becomes

W"2?1 M 2t7a. (2.91

Assuming that moment Al can generate either a tensile force (r) or a compression force

() acting on the flanges. the absolute magnitude of these forces can be expressed as

'11 - ICI - I '. 7
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and. In turn.

t f,~~ (2: 11)

where s, is the allowable stress in the assumed mode of bendiing. Substituting Eq. (2.11) into

Eq. (2.). one Obnains

W2#- W2 bf1Ee(7,ISel (2.12)

it can be seen from Eq. (2.12) that. similar to Eq. (2.8) when both M and h are constant.

the weight of the two-flange beaim is proportional to the fTA/sbl ratio. Thus, the weigr't-
effectiveness inoaet of material in bending can be defined in the cam at tension and compression

Me

- SeI(27n).(2.13)

Elastic Buckling., The influence of material properties an the weight of structural ele-
ments designed for elastic buckling is examined by considering this mode, of deformation for a
strut of length I with a circular crosssection and a relatively small Wall thickness in comparison
with the diametar 0t.< d ). The rod is permitted to buckle at a conrwessivis force P,. Fig. 2.2a.
previously used for bending considerations, can also be applied to OW present case. As a result
of this assumption, the weight per unit length can be expressed (ee in the case of bending) by
Eq. (2.5). However, the wall thickness will now be goerned by War's formula for a buckling
load.

P,- vIE1/L' (2.14)

where Pe Is the Euler buckling load. E is the modulus of elasticity. I is the sectional moment of
inertia about the dhie. and I is the langth ot the strut

For the assumed cross-section characteristics. I can be written a

I - (,r81Wd. (2.15)

Substituting Eq. (2. Ji into Eq. (2.14) and solving fortI, we hae

t - (S8OW3)P01d3E. (2.16)

Sutistituting. In turn, Eq. (2.16) into Eq. (2.5), we obaint weight per unit lengtl.
In the caie of buckling

e - 18I3'lP.I/d'E. (2. 17)

One can m that assuming that P. it const, I - const. and d - const. the unit weight
of ti. strut is proportional to the 17/0? ratio. Thims, as in the prevous cases, it may be stated
that Its "lightness" is governed by the (1/r) ratio. Again, as b if orsithe dimension of this ratio
Is Ienfbtu which again, can be expressed in feet. thus, the weitrtctiveness in strut buckling
can be dettmd as

-7' E/127Y. (2.18)

who,@ the modulus of elasticity E is given in pe.. and then specifimc -veight of the matem.'I (7)
Is in ltins.
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T,r~iovi. The Indices of the nmaterhal vveight effectiveness for structures loaded in torsion

will be established by considering the following: (a) structural strength. and (b) elastic deforma-
tion. To keep the problem as simple as possible in both cases. a cylindrical structure having a
circular crosssection and relatively thin walls in comparison with the structure diameter (t -C d)
will be examnined (F ig. 2. 3.

t

Figure 2.3. Schemei of structures loaded in torsion

As In the previously considered cases. thet weight of the structure per unit length will
be expressed by Eq. (2. 5)1. However, In the present case, the wall thickness will be determined
from the following expression for shear strews.

si,- MtI2ffra't

and *hus.

t- NOW 58hs,,. (2.191

where Mr is the twisting moment of the structure, and s.a is the zrovwabie "oer strews of the
Material.

Substituting Eq. 12.19) inito Eq. 12.56). the following expresim for the structural weight
per unit length is obtained

W11- Odd1S)(W/s). 12.20)

It can be seen from this equation that for Mr - const and r - cord% the unit weight of the
structure will be proportional to the ft/i,,) ratio. Thus, similar to the pavious cases, its "light-

aneos" can be judged by the following weight effectiveness index in tation when the strengrM
of thes structure is a governing factor:

irr- sst,/127 12.211

Here, again with s,~ in psi and I in lbins. ,* would be in inches; hince, in order to express
this quantity in feet, a factor of 12 Is introduced into the denominatorzf Eq. (2.21).

When the magnitude of the elastic torsional deformation reprivients a design criterion,
the required well thickness can be determined from the following ixpression, which gives
the twist aingle of the structure (see Fig. 2.3) per unit length (J):

W - MI2ffr 3 tG, (2.22)

where G is the modulus of rigidity (ciii).
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Solving Eq. (2.22) for t, and substituting that value into Eq. (2. 5 ), the following
ex~pression for the struatural wviiljht per ullit leogth for the wse of slastic Jefuiniatiun is

obtained.

V, /r'9)(7I(,. (2.23)

In analogy to the previously considered cases, the mater Il wfeight effectiveness Index

(feet) for torsional deformation can be defined as

-7ra 
" G127. (2.241

Panels in Tension or Compression. For such semi-monocoque and monocoque structures

a, for instance, fuselages. thi component weight is usually related to the wetted area. Conse-
quently it becomes important to know how material characteristics affect weight per unit of

a (say, one sq.ft) of the structure. One can inagine thes unit areas as panels loaded in ten-
sion. compression, or shear. However, It appears that in actual helicopter design practice,

tensile and compressive loads, rather than show, dictate the dimensions of the panel section
and thus, their unit weight. For this reason, material weight.effectiveness Indices will be

established for panels in tension and compression only.

Denoting the weight of the panel per sq.ft by w. and assuming that under operational

conditions reflecting, among other factors, the number of loading cycles during the anticipated

life flight of the component, the panel can sustain, say, a tensile load, t. veit;cwsd in pounds

per running foot of the panel cross-section (see Fig. 2.4). Under these assumptions, the

material weight-effectiveness in tension of a panel of unit area index in tension can be readily

deduced as

-" 1 /t" (2.251

10

Figure 2. 4 Loading scheme in tension of a panel of unit area

For the cas of compression, Eq. (2.25) becoes

M " . ' (2.26)

where r, Is the allowable load per running foot in compression.

Looking at Eqs. (2.25 ) and (2.26 ), one can see that they have a dimension of length in
feet. Similar to Eqs. (2.3) and (2.4), those indices can be interpreted as the length of an
imaginary vertically suspended ribbon in ne case of tension, end an imaginary vertical column

in the case of compression, which would produce (at the uppermost in the first. and lowest in

the second case) the allowable loads per running foot.

.70.



2.3 An Alternate Definition f Weight-Effectiveness Idi-es

It was shown in the pre .ding section that the appropriate allowable stress to the

material specific weight ratio represents a meaningful weight-effectiveness index for simple
structural elements being stressed in tension, compression, bending, and shear. For cases in-
volving linear and torsional rigidity, the L/ and G/Y ratios, respectively, represent the weight.

effectiveness indices.
It should be indicated at this point that although expressing the weight-effectiveness

indices of materials in feet rather than in inches may enable one to better visualize the lengths
indicated in these indices, inches are usually quoted in U.S. literature. In the metric system, the

weight-effectiveness indices for materials are given in more easily imagined meters.

An alternate way of expressing the weight effectiveness of materials may be based on

the specific gravity of the material. In this respect, one should note that the specific weight

(f) appearing in the denominators of all indices can be written as

to " 704, (2.27)

where y*ew is the specific weight of distilled water at 40C, and 6. is the specific gravity of the

considered structural material.
Since, obviously, 7,, - const, it may be considered that all of the weight-effectiveness

indices developed in Section 2.2 for any material and mode of loading are proportional to the

quantity represented by the ratio of allowable stress to the specific gravity of the material:

76n " sn/*. (2.28)

For the elastic deformations of the linear type,

17, - El(n 12.29)

end for those in torsion,

% - G/6n. (2.301

One can see, hence, that the ratio expressed by the right sides of Eqs. (2.28) through

(2.30) may be considered as alternate definitions of the weight effective indices; this time,
expressed in units of force per unit of area.

The above-described method of presenting weight-effectiveness indices of structural

materials is also quite popular in technical literature.
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2.4 Effects of Repe- A Loadings on Weigh t- tE lctivenesso Indices

' 4.1 GenralA

In the we-Vit efitecvoelt indices dev*elOsa in tfie Preceding otertinn stress allovatlet

Is). as well as moduli Of elasticity (E?) end rigidity (G), alviays appeared in the numerator of
Vie formulass thus indicating that "goodniess" ofle stuctural mateirsee from the point of view
of ligiitnesa o a l uucttd is P'ouoriio4181 to t"01e charactorstcs. it is uUvious, hence,. tt

factors affecting the permissiblea levels of, j. awid G of a giveni structural maerial should be
invistigated.

2.4.2 FatigueEfects onE arid 6 Levels

With respect to the moduli of elasticity a" rigidity, it appears that as far as met
WO ~n~frA w~"Inth Whosle bi pl'tna envelope and time of rotorcraft opera.

tion. there would te no causes that would noticeabiy sltar their E or G levels.
Howleve, Owe situation is somewhat different with respect to composite structures.

especially those consisting of laminates with various orientations of fibers. Stsucture of this
type. wen subjected to repetitive loadings, may undergo progressively increasing detiamina-
tion which. in turn. would act the L level of the structLr This aspect is discuseed in more
detail in Hef. 9. fromn which Figures 2.5 and 2.6 are reproduced and shown belw

5a S AVA team LIMAN Fit 10 DATA 
1
LAO

0 UIirSlS OILAMiimnATIO LA0issiiosg

A

Figure 2.5 Modulus losse sa function of delamnination saze in [146/0/901, laminates

o5 W iAS! Fit ho DATA LIAO
7 DAA FRO AN
Qf FOUR $KsiAKSim

Ii t -1.56

I eF . to G1 . 8

Figure 2.6 Modsults loss as a function of delamnination size in 1+45, /-5 /0 /U31 laminates
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Looking at these figures. one will s- that even when the desmination is rornolete

(a/b) - 1.0, the modulus of elasticity (E) of the structure would stdl amount to over 80% of
the original value (E.). Similar degradations can be expected with rewect to riidity iG levels
under repeated loading.

Although these changes in E and G levels of composite structures do not appear to be

excessively high under repeated loadings, tney may have SignitICans ef1ects on viurat, in ad

other characteristics of a rotorcraft. Thus, in principle, they should not be excluded from a

study of the weight-eftectiveness indices under fatigue conditions ancountered by rotorcraft

components during the operational life of the aircraft.

2.4.3 Fatigue Effects on Allowable Stresses

In contrast to practically no changes in E and G for metals, Pnd relatively small ones for
composite structures under repeated loading, the breaking and hence, allowable stress on metals

as well as composites (be it tension, compression, bending, or shawl. would vary considerably
with the total number of loading cycles (NJ. as well as in light of ovihr factors as indicated
below.

The relationship between the breaking stress of a material an tie number of repeated

loading cyc.es experienced up to that point is presented under the Saiwmof the so-called S-N
curve. Where the number of loading cycles is marked on the abscm mis (logarithmic scale),
while breaking stresses (in ksi) are shown on the ordinate axis (linear al.

The general form of the S-N curve for any type of loading is letched in Figure 2.7.

It should be noted at this point that the data presented in this way us-a-ly covers the range of
the number of cycles from 103 to 0 or 107. Also, the stress ratio ( 1 tainISmne) under

which the S-N curve was established, and the ultimate strength of te material in the con-
sideed type of loading are usually given.

cc

CYrCLEII TO F AILUlRE

Figure 2.7 General form of the S-N curve
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Although the number of loading cycles is the dominant factor in establishing the oreaking
stress levels, there are other factors also involved. The most important are:

a. loading configuration
b. stress concentrations

c. surface condition
d. environmental conditions
e. material processing parameters

Partially because of the above reasons and partially because of the additional uncer-
tainty reg'srding the number of cycles that may be encountered at a particular stress level
during the operational life of a component. rotorcraft designers tend to accept much lower
allowable stress level values (se,) then those actually given by the S-N curve.

al

Figure 2.8 iilondimensionalized S-N curve for steel with a mean of zero
percent of ultimate (Figure 6 from Reference 1 1)

It has already been mentioned that experimental data on the effects of repeated loading
on the breaking stress are seldomt available for the total number of loading cycles, especially
at N < 10~. However, there are sme components (e.g., landing gears and transmissions), where
maximal loadings occur only infrequently - for instance, during takeoffs and landings. Conse-
quently, the total number of loading cycles acquired during the operational life of the rotor-
craft may be below the N level for which experimental data is available. In view of this,
methods were developed for establishing the shapes of the S-N curves for the total range of
loading cycles (1 4QN 4 NS). where N, is the number of cycles corresponding to the endur-
ance limit 0g)i. i.e.. a point where a further increase in the number of loading cycles does not
produce any decrease in the breaking stress.

In this respect, a method originally proposed in the sixties by Albrecht 10and recently
refined may tie used for determinations of the S-N curie for the allowable stresses throughout

iii

the whole range of repeatirg cycles
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One aipproach presentlid in Ref I I prmits one to oenefaite nordinensirsnal S-N rurve

shapes for steel and aluminum alloys using only available high~cclo fatigue data. These general-
ized curves. expressing the rato of altornatin tireiaing or somewhat lower allowable stresses
In ksi to ultimate tensile allowable IFIu) in ki are plotted as a function of the number of

cycles (Figure 2.8). This figtire was estarolish'ed for steel experiencing a load ranging from
_5M ex to$ SAj i.e., at R - 1. put nlo steady lootl (a mea of zero percento- Wthnin the 1 '- .'.

4 10 interval, the (s ,IF,,,) - ((N I relationship is represented by a straight line. However.
from N - 103. a series of curves are shown whose snape depends on the ratio of the endurance
limit 1541 to the ultimate tensile allowaole.

When representative loading cycles occur in the presence of a steady load, the shape
of the S-N curve would change, depending on the magnitude of the steady stress to the ulti-
mate. Figure 2.9 is given here as an exsample of those changes when the steady stess amounts
to 26% of the ultimate.

A-a

Figure 2.9 riondimensionelized S-N curve for steel with a mean of 25 ".arcent
of ultimate

Obtaining a complete S-N curve in ksi vs. N for steel or aluminum alloys with the
help of the nondimiensionelized plots o: Reference I1I can be done as follow.

Knowing the ultimate and endurance limit stresses for a given noeterial, the type of
loading, and anticipated surface conditions (smpooth, notched), the allosble stress in ksi at
any N value can be computed by simply multiplying suit in the notation all Ref. I1 I or sui
in our notations, by the proper ordinate value from the nondimensionalized curve.

Once the so -((Nj is known, the weight effectiveness indices for various metallic
materials and/ot loading modes. etc., can be computed by using the relatanships developed in
Sections 2.2 and 2.3.

As an example, the (s,116) a ((NJ curves were determined for 4130 steel (140.0 ksi
IJTSso ft38.5 ksi. i.e., ULT - 27.5%), and aluminum allay 24S-T (165111 ksi ULT. so so 14.0
kial, i.e.. LLT - 21.5%), assuming that R a - an' that the mean load isequel to zero (Figure
2. 10). This was done using Figures 6 and 14 of Reference I1 I and remenbering that specif.c
gravity is 6 ft 7.8 for steel, and about 2.7 for aluminum alloy.

*O' 0f IF. OR e~ !NO W, 0.11' itV~ .~ . . .~ . .*... . ..



7-1

24 S-T £~ ~ ~ -" ki =4T t-- - ---..-
i, 

Z

r-- 22 ~ ris-, -tf

Vto .J.i0
lo 10". H '

NUMBE OFCYLE 7

EM ftigue codti

'a The above-outlined approach for predicting the total S-N curves, bated on Ref. I1I
'.4. can be extended to nonmetallic materials such .t composite&, while the basic information

regarding the fatigue prooerties of structural materials fusuaily at N > le)j can be found in
such publications as MI L Handbook-$D' 1 with respect to metals. There is no similar hand.
book-type. slngio-source info, mation for composites. Conseqluently, the necessary data rrust
be assembled from such publicAtions as company brochures (e.g., Dupont and Hercules) and2
professional journals.

.76-



.*1 ll; It o~f-pil ps u-i .,Ignt of a "Mplciltn

.'I "r wt,.d. It fra~~. it 'It. tg~~SrA selo ,or -4 %' e~.pe 4

CorVVi.ellrt Un@ 1 C Onr!i,,;.Cdl. r.@in in Calendar earl o! Isr ,ce Ari asntflh e, .6 "e overi- %
1 .316 -11411111 on totti, " rnw thrquj'i .vnth the hol ron'.' ran 5zel <rt-sawo~ Ti'rre are

7',# lo-ca: ed ca-oaar ,+e I Hf' cs l ta- :at luch jtr..ct;,:e's is e!,fr i ,enei•l

r.nCtuor-'j heoiictXrlj. w en epses to ile operalional environment 11aV undjf*C 40trr--

... r, *z time. to some ieatent. injcoenrent o! actual living time. Althutr trere may be
S.;mo, re.t.anhilp between t.e wt.g of a component and its clerwar fe O i"r i ance,.
Ios'ew +.get of eLterfnat metal iwu'fce. Or L)aniui U maily Coni ti. te to i we-.,w caendar .

I;tl) ne liter $t.1 probably rexesents secon O-or effects on component w#;,hts. In con-

trait tne r,Iluencql of tne Ipejation'al ifs and mous of opeation (operatiOnal protf.il are of
pr'ime lO aVtanct. as they influence the total number of loeotilcyCies 4nJ mognitude of load%
experienced by a component during that period and thus, determine the allowable design-stress
level. Te engthss of TSOs proob11bly also represent socond-order effects on componennt weights

since durimg those operations. Me main structural load-carrying elements (unlss visibly darm
a0e are -Not usually replaced.

Con-srquently. it appears Mtha only the relationship between the op erational life of the
component or 3 its weight should be investigated.

It has . ready been mentond that during toe oporitional life of a rotorcraft. its com-
po.rients e+xper ience two types of repeating lod.ngs. One, depending on trio anticipated number
of O.v4o1tonal -ents l.g., talkeoffs and landngs and high-load flight rvneuiersl expocted
to occur Ouring te operational life ot a rotorcraft. and the other, having its syurci chiefly in

tve rctaion t lri tflting rotors. The .irst type is cornsi ered to be inft r.jent it comparison
vditr " s rond. However. asi lute numbers of such events encountered during the life of tne
rotorc..ft may be quite highm, For instance, during one log.)ng operation, so"Ti hlitcopters

ercounteted as many as 720.UOO trip cycles. Although in each of these events. there wer no

tkeol"S ld landings. the po*w excursions frequently varied from zero to fated power It.
Tr whole area of estimating the total number of loading cycles acqijuied during trie

oprlt'on.a life of a rotorcraft by its various components in conlunctiun with te osperstiorial

PrO0.;4. Uscomes m-re and more import•nt. as wijtnessed by trie constantly incfeasnig number

of strdiels md publications teg.. Reft. 11, 13, a 141 dealing voith this Subject.
With respect to loadings whow origin may be traced to the rotational motion of the

liftsn rotors, the total n.mtwr of loading Cycles acilled tfrough "normal'* opeation during

the i .glt ife of a helicopter cont be xvpressed as foilows-

is6()ll..8(rpm) A 1fjlcpl!. 1.1

*fivee rivn is weo rotor revoluriirs petr inute, 6, the total projected helicopter lift span
expressed ii filiht houts. and cpr is the number of loading Cycies kler fovolution,

For contemporary helicoUl es. usually having a speif4ed le Wan of at least "1100

PhiojiL even the number uf I re rcycles will be jtde large. ns can see frot F ore 2 | I. where

4 1" I.r I-rev at !)Gw. hiours are shown fur the helcopters evarm ed iilt 10 r at even for
the O.e 400.l)Olb U .grusstvht cils. the total numUbr of fItly cycles Wuld1 I0mou-t to abo.ut
I4X Ij"

/7.
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Figure 2.11 Total number( of I rev cicve, ev....eriencpi by hicoottrs of various gross-weigrit
ClatSWs during 5000 hours of n~xmaI op~eration

It may be anticiostedc. hence. that f .'r iiotoctft compamuntS whose dimensions are aic-
tated by repeated lOadS appeasing at 1ho 1-ieu oen hiihs. clm values, th, endurance limits of
Structira l materials would represent a oecistwo factor as tat asthe weights of the components
are concerned.

3.5 Cursory Estimates of the lIntlenite of t%eigflt-Etectivemns Itwices on
ifli Component 4Veigti;m

2.5.1 General

One of the simplest ways fwr # iv4ii jiidgeinent regalolng the influence of advanced
structural materials on the wiiht of a coL...V ent would be bs estaishing a rajios between the,
wveight of a component structured of new awtsil to the boseline wreight of an ex~isting corn
pcnent

One may also ise@ the 'wqtt eatsinated by f eli~itile weigit prediction metho'll for
components made of "trad-tiona- matismts f.%i which the arreCtness of the weight estimate
methud is well documente as a baseline rsifeiwice (forskeailtse. see Rof. 1 for evaluation of
various methoos).

Once the absolute, or r-lat-ve wt.$'ht of the baseline comoonent is known tither by
actual oeight of through reliable Ca'.ul4Atio's te Psaxedumebr evaluating thle impact of now
materials on that weight will be t~e saie



Pologv,~I*~iraI coo* We' h~soIn.pil %-I OV r rimr#"tj i Yi' he t, I.Aieel 9% he,-*

CoOpse Of pa Ioie and ioodcafrying elemenints. Tro effect of materiol characteristics on tf.

5.2 No Load Elements

Aswirmig that the bseine component vvc~pt is ' the vviiiflt ofl tne flji. i .

Ing elemnlts" im , )an :m *xpiewoas

whatit ii., .s a viaction depictnq the part of noe total baseline component we-ggit consisting

of no-loac ,.t~ing moements. Utpanding on whether #VI 0~ represents the weight of a volume of

material it 0.. fA!e'si or a surface leg.. various no load carrying panels and fuselage slrtacesl.

the weight of the no-load carrying elements can be osapressed as

-,, ft , V.17n 49 tI~IA1 7 6" (2.33)

where V,., is It'. volume of no-load carrying elements. The remaining symbols are defined in

Section 2 2.
Or.

- Sn(2'34,

whe;e the new t'.iiibi S,,,, is the no-load carry Ing surface in the considered element.
Assumtin that either volume IV) or sjir:aco (S) of theo component made of new ma-

terials is the sames as that of the baseline component, the weights of no-load carrying com-

ponents ,Sj,)in the case of volumoi becomes

= (2.351

and that of the surf ace,

Multiplying Ets. j.' 35) and (2.361 by l 0*~f and (w j,/w, 3 1 resvoctively. and noting that

V.,10 7we 5"o @ . #4.A . 4t t n , *w' Wil 0 .P",W,,,. thew. equations can be to-

written asan

and

It,0 It '00g z,ri /Z~, 0 1 Q 3d)

2 5.3 LLad Carrying Elements

In the inost gonerel case, a malor rotaircraft componefit mnay contain variousI Plementt

whose d.maii,af~it and hence. their wetght. areit ede to 11i 1oAUnij Mode in which they aie

working. tissi11Ci tonsi-)n. cvinwfeision. Wiejng. $liver. '* istic buckling. or linear UefleCt~on

and toriponal Wei'ction, The fraclion of tWe total coml;;. tnt vvei,'ih wipcn IS taken bV &il

J-S



of the abuve lotted irnaf!ng me 49s *oil be. vrresio*" "'rou-It *i-e9 0f..ilwnq syvnhioill t.,,r-vi to

compression- AJ,. bending- M. $hear - ps, buckling and lina deflection -MF. and torsional

deforrn'atton -
Consequently, th0 abs~iluto weight of all the baseline component elements wiorking

under a particular loading mode, say tor example in tension would be

-O (2.39)

Similar eQuations can be written for other groups of elemerts.
When now siructvural materials are substituted for those used in the baseline component,

the infouance of this su~ibstitution on the we-ght can easily be determined. using an aporoach
similar to that outlined in tre case of no-toad elements. Howetitt this time, ratios of weight

effectiveness inoicets for the baseline and new materials would replace those of specific gravity

[Eq.(2.37)), or weigh~ts per unit of area iEq. 12.38)). Thus, when made of new materials,

the total weicht of all the components working in tension toill be.

W~, 1  Mreo~l~o/?lnn,)(2.401

2.5.4 Weight of a Component with New Materials in Relation to that of the Baseline

Taking into account both no-load carrying and load-carrying elements. the weight of
a major rotorciatt component built from new materials 011'01,,m) can be emipresseid through
the baseline component weight (W. 0 ) as follows:

- ~ ~ +Jb(?OIb" +I@Jf~(8 ~m~e +h ag(,,,,',0  + MEe,"40r0 flr,,)+

Obviously, the ria (W,,,IV, of the new component weight to that of the baseline will be
given by the expression contained in the brackets of Eq. (2.4 1'

2.5.5 Steps in Estimating the (nlV 0 ) Ratio

The Mteo to be taken in the practical procedure of estimating the ratio of a major
rotorcraft Componentt weicht to the weight of the baseline componient can be visualized as
follows.

1. Estimate the fraction of the total component voe;iiht rtorrsentioii theis niau~d
carrying elements. and indicate whether these elements consist of tilling some
space, or form a surface.

2. Evaluate the weight fractions of elements orkin4 under various loading condi-
tions, arid determine the approiximate number oint character of 'aiong cycles
during the anticipated, or already establish": conponent opesoratiunal life.

3, On the basis of the known number and type , '! oading cycles. estimate the

weight effectiveness indices for the baseline and new materials fromt a tiraph

similar to that shown in Figure 2. 10.

4. Compute the new component wcio;ht to that 0* i baseline from the totpresm
sion contained within tile I(uare Lrackets in Lil ..411).

-fop P80*



26 Cancluding Fte-ekaf

in order to et'tsmr a better understanding of the relationship between - fincipl char.

acteristics of structural 1initefials and weight of malor fgorcraft components, the criterie for

the weigtht-offctlvenesa of materials were first developed for simple cases ef loa1ing lter's,)n,

COkmpresion, beildiN, &AU ShOerl, as Weil as DUCK1rig Ord inear ut'rct+on iintiU.6,ce kt lie

modulus of elasticity L) ad torsional detlectioni (influence of the modulus of rigidity. 6,1.
Following this. the influence of repeated loading cycles on vdlues of the we*Qht.

efectiveness indices was e,%emned. Then. the relationships between irte iced operdtional Ie

of a component and opeational profile of the rotorcraft on one hand. and the number of

cycles that the component may experience on the other, Was indicate.

Mathematical eproesions for a cursory estimation of the we. ht rato of a component

made of new materials to that of the baseine component were oeveioped in the pieceding

section. This was supplemented by an outline of the steps that should be taken when com.

puting that weight ratio.
It should be noted at this point that the cursory expression given by Eq. (2.411 can be

refined. This can be done by taking into account tha the weight fractions (1's) of elements

working in a given loading mode in the new component may be different from those in the

baseline. A study of the possible gains in accuracy resulting from this approach would be

beneficial.

In order to facilitate the whole process of investigating the influence of new struc.

tural materials on the weight of major rotorcraft components, it would be desirable to develop

a library consisting at ieightseffectivenass indices for rotorcraft structural materials (similar

to those shown in Figui 2.10). where values of the indices would be shown for the whole
range of loading cycles from N a 100 to that corresponding to the endurance limit. Further-

more. this should be done for various stress ratio (R) valuies, surlace conditions, and several

steady load values (say. 14.6, 25, and 50% of the ultimate).
It should elso be rnoted that in some cases. not all weight gains due to advanced ma.

terlals as indicated by the procedures described in this chapter can be realized in practice.

This is due to the existence of various constrints which may limit actual weight benefits to

a lower level than indicated by Eq. 12.41). Requirements for maintainin a high axial moment

of inertila for rotors, and coning angle for articulated blades may ue cited as an example of

such constraints.

Mote into'mton regardIng such constraints can be found in the Appendix to this

chater. '.
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APPENDIX TO CHAPTER 2

V)SZ~lLE v.AINS IN liLLIZCPTLEi kLAL'. wHTS
THROUGH APPLICATION OF HIGH-STRENGTH MATERIALS

A.1 General

There is an established belief in some technical circles that weight-redur',nn attempts
would be somewhat futile wten directed toward nelicooter rotor blades. This is $.poosedly due
to the fact !hot requirements fio a high moment of inertia about the rotor axis. facitating
transition into autorotation, and restrictions on the maximum permissible coning angle would
constitute strong constraints inevitably leading to "heavy" blades. The tollowing simplified
calculations indicate tiat through the installation of concentrated tip weights as the structural
weight of the blade i'Aelf is reduced, significant reductions of the overall blade weight are
possible, while retaining moment of inertia and coning angle of the baseline helicopter. Re-
duction of blade weights and thus, their centrifugal force would, in turn, contribute to a
possible decrease in the weight of the hub and hinges.

A.2 Moment of Inertia about the Rotor Axis

Figure A.1 Schematic of rotor blade

The total mass of the blade (rn,,1 ) consists of the mass of the blade proper lmbl
and mass of the tip weight (mil).

/inr -to + m. (A.1)

The blade moment of inertia about the rotor axis (J,) .an De expressed as

f jtrm + R'M,. IA.2)

0

Asuuming that the blade mass per running foot. m rnl,,I= const; and thus. dm .r idr.
Eq. (A.2) can be ;ewritten as follows:
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- i f r~dr + RIm,

or

(li3)r;R' + mr R e"  (A.2b)

but nR amb, hence

/j = R2 [(1.'3)nb, + m,). (A.2c

Assuming that the baseline blade has no tip weight (irn * 0). its moment
of inertia would be

/,g o  - (V/3)mgpjoR2 .  
(A.3)

If the mas of the proper lighter blade Is ree = me ,
0a, where 0 < a 4 1.0. then the

condition of the constancy of J., can be expressed as follows-

(11mb, a
R
2., R311I3)m&, 01 + mCI

from which

m, (I13)mb, o(I- c) (A.4)

and the total mass of the lighter blade will be

mr r " mbloa + (Il3)mblo(1 -2. (A.5)

The ratio of theotal mass of the lighter blade to that of the bline blade will be:

(raner/mb, 0 ) - a + 1(1/3)(1 -a)) - (2/r, 4 (1/3). (A.6)

Eq. (A.6) Is plotted in Figure A.2. and one tan see from Ahis figure that significant over-
all blade-weight savings can be achieved if the weight of the bladecan be reduced below that of
the baseline weight. ano tho corlition of retaining the urme monent of inertia about the rotor
axis is obtained through installation ot tip weights.

0.4

* 0.2'

-a

0 0.2 04 0. 0,8 10.STRUCTURAL MAA RATIO: a

Figure A.2 Ratio of total blada mass to structural miss for = const
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Al3 nisde rentrilhigal Firse Vv,;itinn at I =nnst

As the Total blade mass and its distribuJtion would vary when Q chanqes in value, but

jax remains constant, the blade centrifugal force can also vary. Hino ot the blaae CF with
tip weights to the CF of the baseline blae can be determined from the following.

The centrifugal force of the baseline blade Cd-0 ). with no tip weights, would be

CFj
0

or, assuming m. -const. q

CFO - (1I2)mb0 oRw2. (A.7)

The centrifugal force of a blade with tip weights will, in general, be

CF f 'rwldr + wiR mr

0 i

Again, assuming WWI atonst, the above equation becomes

CF - (1/2)ama,*Rw2 + mrR (J2. (A.8)

Dividing Eq. (A.8) by Eq. (A.7), the sought ratio is obtained: 

CF/CF - a + 2 mlmb,. (A.3)

But, In order to maintain J* const as a varies, mt must be as given by Eq. (A.41. Substi-
tuting Eq. (A.41 into Eq. (A.9),

CF/CF, - 2/3 + (1t3)a. (A.9a)

It can be seen from Figure A.3 that reductions in the blade centrifugal force - made
potentially possible when the weight of the proper blade is reduced by a factor of a. while
the necessary level of J,, is retained through tip weights - are not as high as those of the total
blade mass (Figure (A.2). However, even the potential CF giins sho.vn in Figure A.3 should
have a noticeable Influence on the loads transferred to the hub znd hiores ani thus, on the
weight of that assembly as well.
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.4 I,

u 0.2

0 -.4

0 0.2 &4 o.6 0. 1.0

STRUCTURAL MASS RATIO: a

Flgure A.3 Centrifugal force ratio, as a varies and , = const

.. 4 Coning Angle

Retention of the original (baseline) coning angle (a.) shouk be considered as another

strong constrain! influencing the outcome of the total blade-weight reduction level that be-

comes potentially possible through the tse of high-strength material

T,

, amCFr

1WbI

Figure A.4 Schematic ot forces influencing the co)ning angle value

Conditions for the ecquilibrium of moments about the flapping hinge, when the coning

angle is a., c4n be expressed as for the baseline blade with no tip weights (m3king small angle

assumption and assuming that the flapoing hinge is located on the rotor axis and that the

resultant blade thrust is at F- 0.7. while the blade weight is at 7 = 0.5) as follows:

R

fbO.?R - f 00orjaodr + WNb0.5R. (A.IU

.86.
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[4Neglecting the Wb 10 rRroduct sseing small in comparison with the centn f uQal forceterm, and noting that the first term on th~e right side of Eql. IA. 10) represents ],, times a,, the

condition of the constancy of tn~e comig on,4le can beI expressed as

a, M O- const. (A.11)

But the 0.7RTb, product is constant; hence, the requirement of maintaining a. = const
is reduced to the ji = cons? condition. This obviously means that the blade weigolt aspects
previously discussed in conjanctiun with the J,,, = const restraint also remain valid in the
present .ise. Consequently. it may be a&umed that Eq. (A.6). plotted in Figure A.2, should
correctly express the potential overall wl'ht reduction of the helicopter blace assembly when
the weight of the blade core is reduced I)v the factor a.

A.5 Effact of /am hild 0 Constraints on Ulade Weight Reduction

The following simplified case Is considered In order to give the reader some idea re-
garding the influence of J,, and ajo curistrarnts on the possibilities of blade weight reduc'ion

resulting from the application of advanced mate ials.
It will be assumed that both the baseline blade and the b'zde made of new materials

consist entirely of load-.arrying ae smint i.'d, furtl-ermore, tthat the dirrensions of the elements
are dictated exclusively by the allowable stress in bendirl. In this case, the expression in the
square brackets in Eq. (2.41). go~ing the unconstrained ratio of the weight of the blade con.
structed of new materials to that of the baseline blade (Wbln/Wibon.0 can be reduced to
the folloNing ratio of the weight-effectlveness indices.

(Wlblnm/IVbj ) sn := nlbc1"ln m .  (A. 121

This equation is graphically presented as a continuous line in F igure A.5.

01

0S

1 00 30 4.2

WIIG141 41PICTIVIIIIISS INDICSRATIO %I i*

Figure A.5 Ideal blade weight ratio vs. weight effectiveness indices ratio of material:
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The weight ratio expressed by Eq. A.12 may also be considered as the factor a, repre-

aenting t.i Wi flt 1i1io olia LjdiJ b..dy iimvrpwgtii., ,,uw inoler.ils t) that c.f Ohe Usb.
line blade

o 1o760m (A.13)

When the moment of inertia and coning angle are retained. the total blade weightt ratio
will be obtained by substituting Eq. (A.13) into Eq. (A.6):

' mbI lVbo - 113 + (2/ 3 )(lbo1lbm). (A.14)

The above expresion is alho plotted (broken line) in Figure A.5; thus, indicating the
role o' the I,, and ao constraints in restricting blade-weight reUuctiuns - potentially possible
due to the improved specific weight-strength characteristics of new materials.

'9
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-CH,^PTER 3

ADVANCED STRUCTURAL MATERIALS ANU CONSTRAINTS TO THEIR
APPLICATION TO ROTORCRAFT

3.1 Introduction

In recent years, considerable progress has been made in the development of new struc-

tural materials, both metallic and nonmetallic, representing a high potential for reducing the
relative weights of major rotorcraft components. These materials can be divided into three
categories: (1) pure homogeneous metallic (steels and light alloys), (2) nonmetallic composites

(usually based on high-strength fibers imbedded in resins), and (3) metallic-nonmetallic com-
posites (combining, say, metallic elements with high-strength fibers through a resin-type con-
necting medium).

Although many of the new advanced structural materials represent a clear-cut advan-
tage from the point of view of the weight of the rotorcraft component, application of these
materials to practical designs encounter various constraints wich can be grouped into two

classes: economic and operational. With rcspect to the first class, the cost of materials and
manufacturing often represent a strong constraint These aspects were discussed in detail by
D'Ambra". Beziac i s , and In Ref. 16. Their inputs will be briefly reviewed in this chapter.

As far as operational constraints are concerned, the main reason for some of the hesita-

-tion or reluctance in wider application of composites is the lack of long-term experience with
their behavior, especially crack propagation and delamination when exposed to various long.
term climatic conditions, and other aspects of the operational environment.

Nevertheless, in spite of all of the above-mentioneJ constraints, there seems to be a
growing trend toward an ever-increasing use of nonmetallic materials; especially composite
materials, in the manufacture of major rotorcraft components. This point is wdll illustrated in
Figure 3.1 (Figure 34, Ref. 15) representing some of the design philosophies of Aerospatiale.
Figure 3.2 (Figure 3 or Ref. 8 ) is shown to give a more detciled example of this trend. In
this exploded view of the Dauphin N1, the elements made of composite materials - consti.

tuting 19% of the weight-empty of 2038 kg (4493.8 Ib) - can easily be determined.
- I MPTY CIIGHT ISww..~ * Trlnmmliwmi

11taO WV--Olw30 FIV"iw a..I .,mi I. pj

soA

20

SA 3 20 .. ei5 3~

Figure 31 Past and future growth in application of composites to helicopters (Aerospatiale $ )
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RENGINE COWLINGS VERTICAL FIN TIP

rrFLXIRL MOUNT TAIL TRANSMISSION

TAIL BOOM

CLASS CLOTH NOMEX OR FOAM
CORE SANDWICH PANEL

. = WAAN SAN "

to 2 LGLtSa CLOT" MONOLITHC PART
. ' METAL SKt* NOMEX CORE

mSANDWICH PANEL ,

PLEXIGLASS

Figure 3.2 Exploded view of the Dauphin N i

However, five years later in the produc..on verion, the composite share should increase *

to 22% of W. (see Table 3.1) and attain a value of about 30% by 1990 (Figure 3.11).

Table 3.1

Percentage of various materials in the present and future Dauphfin structure

EMPTY- WEIGHT PERCENTAGE
Material SA 365N1I Today Future Dauphin

Light Alloys 34.5 32

Steel 31.0 30
Titanium 1.0 I ,

Composits 19.0 22
Miscllaneous 14.5 16

Weight Er pty 2038 kg 19S0kgf
(4494 1Ib) (43001b1

In the U.S., there is also a trong increase in the use of composilm structural materials in

rotorcraft; especially in such new concepts as the tilt-rotor V.22 (Figure 3.3), where they may

constitute as much as 31.5% of weight empty (Ret. 17). As stated in ths reference,

"Nearly all wing and fuselage structural elements are fabricated from graphite-

epoxy cmposite laminates. This provides streng.h, stilfness, weght , and corro.

sion resistance.
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OTHER 10% js~
FIBERGLASS 11%

METAL 20%'

GRAPHITE

E3 OTHER

M FIBERGLASS 12,500 POUNDS OF STRUCTURE

m METAj

) GRAPHITE EPOXY
STRUCTURE WEIGHT

Figure 3.3 V-22 Material Applications

"Components, such as stiffeners, caps, and stringers, are structurally integrated
by cocuring or cobonding them with the skin pa els. This reduces the number of
mechanical fasteners required in the structure.

"Composite structures weigh nearly 25 percent less than metal equivale'ts. Because
approximately 60 percent of the Osprey will be fabrcated of composites, con-
siderable weight savings have been realized.

As far as helicopters are concerned, the composites used in the Boeing Vertol Model 360
constitute 60% of its weight empty, which probably represents the highest relative -ise of such
materials. Here, combinations of glass and graphite are utilized in the blades, hubs, controls,
rotor shafts, airfram), and landing-gear components (See Figure 3.4, Fig. 27 of Ref. 18).

4-LAgED COMPOS'T ROTOR
COMPOSITE ORY WITH ADVANCED AIRFOIL3
ROTOR HUBS ANO BLAOE TIPS

COMPOSITI .,ROTOR
COMIhOL

LOWORAC AOVANCED

COCKPI s"
COMPOSITE DISPLAYS
FUSIELAGE 1_ AMo AVIONICS

COMPOSITE
ROTOR SHAFTS

Figure 3.4 Model 360 Advanced Technology Helicopter

With respect to current U.S. production helicopters, the SKorskv S 76 mjv

an example (Figure 3.5). Th's figures gives a geneal idea as 30 tho use of Lu-,, rt .

and also the usage of various structural materials for the AC, '
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SLAW F01111111 EPOXY

DESIGN CATEGORIES ACAP WEIGHT EMPTY

Composus Airfewee 1423 24

C011IP~i Othe me. Dol 1021 17

Flind Om 4% Fio D~ 3"I
lS.7.GFE.ewI) - -

17%

MATERIALS USAGE - ACAP AIRFRAME ab aud no" na~
1111%

MmurWWll %W2 Pfibme

Camed 734.1 13.0 MumoeueS

Fiberglass 271 S6% CSPoouwn
G luM a P l ou I 5 I i s 7 5 .5 c o r ehiellnomae 300.2 AdM"i

TOTAL 1432.1 Min.
203%t

Figure 3.5 U.e of composites in the S-76 and the "CAP

The trend towerd a broader use of composites in helicopter structures is also depicted
in the Soviet school of design. However. there is insufficient data available to this investigato
to pinpoint definitive numbers to illustrate this trend. It would be desirable, hence, to make a
saerate study on this subject

China is one of the countries having a potential for a larg-ele rotary-wing industry that
Is also apparently getting involved in the application of comosites. Here, as in other countries
before them, the first application of compolsi wae directed toward main-rotor blades".C

It Is obvious that an indepth analysis into the many facets of advanced structural
materials and their application to rotorcat would exceed the order of magnitude of the in-
tended scope of this study. Conequently, only certain aspects of the whole field of the applica-
tion of advanced structural materials to major rotoreraft components are briefly reviewed in
this chaptear, with the prime objective being to indicate possible trends and directions for a
more thorough investigation.
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3.2 Advanced Structural Materials

3.21 General

Although one usually associates the term "advanced structural materials" with com-
posites either bed on, or incorporating, high-trength fibers. It should not be overlooked that
considerable pbogres has been, and is being, made in the improvement of homogeneous metals
- sapecially, light alloys. In this respect, the aluminum4ithium alloys appear quite promising
and, in particular, the fixed-wing industry both in the U.S. and Europe, Seems to favor their

application on a lr scale. This position Is motivated by the fact that replacing current alumi.
num alloys with new aluminum-lithium alloys can cut weight by 8% at s very emall change in
the overall cost" (also see Ref. 21). Composites are even more promising, offering the pos-

bility of a 25% weight saving over metal construction for primary structures. But the previously
mentioned constraint of cost. and uncertainties regarding operational aspects dictate a rather

cautious approach regarding the use of composites to fixed-wing designers - especially those of
commercial transports - in spite of the fact that the structural.weight reducing potential in
fixed-wing aircraft has been demonstrated in manyexperimental aircraft, including the recent

example of Rutan's Voyager (made almost exclusively of high-strength composites), where the
relative weight-empty cme down to approximately 16% of the maximum flying gross weight.

In contrast to the fixed-wing Industry (especially that related to transport aircraft).
rotary-wing designers appear willing to bypass the structural weight svings offered by
advanced aluminum alloys and go directly to a broad application of advanced composite
meterials. An additional Incentive for taking this approach Is the possibility of creating com-
ponens with optimal dynamic andwhere applicable, aerodynumiccharacteristics. All-composite

experimental main-rotor blades isa leading example for poeibe arodynamic/dynemic optimi-
zation. It should be pointed out that experimental composit blades were developed as early as
1062, and improved versions have been used in U.S. production helicopters since the late 1970.

3.2.2 Weight-Effectiveness Indices of Metals and Composites

Basic information required to determine weight-effecieners indices for all kinds of

structural materials is, unfortunately, dispersed through many uncoordinated publications. (The
previously-referenced ANC- represents a good unified source o information regarding metals.)
For this reason, summaries appearing from time to time in tedmical literature, covering a broad
spectrum of structural materials, should prove to be of special aue. "Materials Selector 1967"
(Ref. 22) may be cited as one such useful publication. For example, Section A entitled, 'Com-
parison of Maseri:s" contains a summary of the following information of interest to students
on the impact of advanced materials on the weights of rotorcraft components.

1. Density
2. Tensile yield strength
3. Ultimate tensile strength
4. Modules of elasticity in tension.

In addition to the above, this publication also conins weight-effectiveness indices
expressed as strength, or modulus of elasticity-to-density ratie. Table 3.2 contains an excerpt
from the original char depic-ng absolute and specific stringth of materials. Unfortunately.
there is no data on fatigue strength in the summary tables, and little information in general

about advanced composites being of special interest to rotorcrat designers.
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TABLE 3.2

SPECIFIC STRENGTH OF MATERIALS. 10' IN.

The strength-weight ratio given in Lhis taole was determinso by dividing the tensile View suength or ultimate
tensile sirangth by the density. Vrlues for materials marked with an asterisk 0) were determined using
ultimate yield strength. Tensile yeld strength values were used for all others2'

MATERIAL HIGH LOW

Graphite epoxy* ................................. 3509
Boron epoxy ................................... 2740
Polyesters, thermoset. pultrusions* ..................... 1428 346
Titanium & Its alloys .............................. 1043 171
Stainless steels; standard mertensitic grades; wrought, heat treated 982 214
Ultra-high strength steels; wrought, heat treated ............. 931 616
Aluminum alloys. 7000 series ........................ 892 144
Cobalt & its alloys ................... ............ 879 89
Stainless steels; age hardenable; wrought, aged ............. 826 380
Nickel & its alloys ................................ 689 35
Magnesium alloys; wrought .......................... 667 268
Carbon steels; wrought, normalized, quenched & tempered ..... 664 206
Aluminum alloys. 2000 series ........................ 647 103
Vinylidene chloride copolymer, oriented*.................. 635 246
Aluminum alloys. 5000 ries ........................ 602 63
Alloy steas, cut: quenches & tempered .................. 601 396
Ductile (nodular) irons, cst ......................... 564 160
Aluminum alloys. OO seriles ........................ 561 104
Aluminum cating alloys..................... .39 8
Nickel bas e peralloys............................. 534 143
Berylium & Its alloys.............................. 533 75
Titanium carbide bo cermets........................ 516 130
Polycarbonete. 40 & 20% st in1*..................... 511 372
Nylon. 30% g1 rinf* ............................... . 10 404
Stainless steels, standard austanitic grades; wrought, cold woe1ad. 483 272
Aluminum alloys, 4000 inies ..... ............... 474 -
Polyster. thermoplastic, PET. 45.30% gl reinf ........... 469 286
Magneskun & its alloys, cast ......................... 465 185
Tungsten ...................................... 465 310
Iron bow superalloys .................... 44 140

Polyatherimide. 30% g1 reinf......................... 446 -
Copper casting alloys .............................. 433 33
Molybdenum & its alloys ........................... 423 226
Stainless steels, standard martensitic grades; wrought, annealed., 376 89
Copper nickel, wrought ............................ 372 137
Styrene acrylonitrile, 30% gIl reint...................... 367 -
Aluminum alloys. 3000 series ......................... 364 61
Brones wrought ................................ 356 54
Rh nium...................................... 356 -
Columblum & its alloys ............................. 01 122
Cotalt b pIralloys............................ 348 117
High copper alloys, wrought ......................... 341 30
Polyetherimides, unreinf ..................... 330 -
Polyester, thermoplastic, POT, 40 & 15 glass reinf.' ... 328 245
Plastic foams, rigid. inter.31 skin, reinf.............. 323 115
Alloy steels, cast; normalized & tempered ................. 322 134
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To alleviate this situation, it would be desirable to generate summairy tables of the most
important material chairacteristics of interest to both rotorcraft designers and students of the
weight aspects of rotorcraft components. An ieample of this approach is given in Table 3.3.
where welghseffectiveness indice wre given for some metallic and nonmetallic materials now
being used or contemplated for new rotorcraft desgns. It should be emphasized that Table
3.3 IS only given here as an example. Actual woriting tam anoula cover a wi%;*r range of

* polttsilly useful structirall malamals and loading modes which should further be supple-
maewe by another taole(s) containing information regarding non-load tarrying materials.
Finally. In order to retain fth usefulness of such tablets, they must be continuously updated.

The use of grahics is another way of presenting material chaacterstic$ in a manner
which may be useful to rotorcraft designers and component weight watchers. The potential
advaentage of the graphical approach lies in that, in pr~ie,~g one can, as a glance, roughly
judge the competitive position of a given material. One drawback to this epoach is that in
order to generate a claw picture, only two characteristics can usually be coupled; for instance,
weight effectiveness factors based on ultimate strength YWi those related to Euler's modulus
of elasticity (Figure 3.6).

1 100

40s

so"" opium aLO~

LA se DR

"WR2 v m m ft.
tva walm . i

W5bGNTVPECTINkU 1NOBE TIEPOU MODULUS

Figure 3.6 Weight..ffeciveness Indices baend on ultio.am tensile strength vft tensile
modulus of elasticity
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* Figure 3.7 (based on Figure 6 of Rot. 151 shows an alternate method of pairing weight-
effectiveness Indiess, namely, those related to the tensile modulus of elasticity vs. modulus of
rigidity. This appears to ne a W.d esAwnpge of presentgng the inuuuius of elisaiiazv 1E) Va. Lhe

- moduAlus of rigidity (G) relationships for multilayer composites sinca. at a glance, one would see
-. the effects of fibre orientation on the material weight-effestiveness characteristics when corn-

-~ *. paring fth two types.

*a A

a OL 31'
a~ 0L WmU

36 A s

5 0

Figure 3. Effects of fibre orientation in composites of the E vs. G characteristics

Bar charts offer still another possibility for a graphic presentation of weight-effectweness
indices. Figure 2.6 Is give a en examiple of this approach. Here, weight-effectiveness indices

* -. for each material wre shown for ultimate stenuth and corresponding enduranc limits, both in
tenI and comproeson. Indices In shear could probably still be-added; thus providing easily
dep;NWsd rather complete Information regarding weight reduction possibilities of the material.
One disadvantage of this approach Is that to avoid overcrowdIng, the number of materials that
can be presented In one graph is limited.

PresentIng a clear, asily understandable picture of Imaerial weight-effectiveness Indices
for fatigue conditions would prove be a difficult task, even If only the moat imcortant
aspects of fth loading modes discussed in Section 2.4 were to be taoe into accont. Figure 3.9
(based on Hercules data) shows the weIght-effectiveness indices for tension-tension cyclic tests
at R u0.1 conducted on. iew comp~It and aluminum materials.

A
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structural materials - composites In particular - with respect to weight reduction of major
rotorcfaft components. In addition to the possibility of weight reduction. composites Of fer
mn"yte datgsfo h eo.mltr. iiinad vnuly h auatrn
point of view. These nan-weight aspects of the use of composites have recently been discussed
in many papers and publications. H~owever, they will not be reviewed here, as thet present study

* des almost exclusively with the influence of advanced material characteristics on the weight of
rotorcraft components. Nevertheless, the reader's attention will be called to *wo constraints

* - ~which, especially in the past, have had a negative effect on the br.ad useof nonmetllic coin-
poI materials in the pursuit of the goal of reducing the etructural weight of the rotorcraft in
addition to other inherent advantages. As with any other new deveoping technology, the main

-. constraints appearing in this endeavor are (11) operational uncertainties, and (2) coat. Both
are very briefly discussed below.

~1 3.3.2 Operational Uncertainties

The lack of statistically significant experience regardtng the behavior of composites
* runder real-life operational conditions and suitable analysis methods generates a very strong

reluctance on the part of potential users (both military and civilian? to accept rotorcraft having
a large Percentage of the load-carrying structure made of composites. Unfortunately. this
crates the Proverbial "the chicken and the egg situation. Large-scale accelerated service test
probably represent one of the possible means of breaking that vicious circle. This may be
helped by the tact that there arm some major rotarcrafr componets namely, thw Wine and,

* more recently. hubs, where real-life operational experience (generally favorable) has already
9 ~- ~risen toa sgnificant level.

In some casek this potential objections which the user my express are not to the corn-
- ~poshes per so. but to Owe particular structutal solution. The unfavorable opinion of the Navy

r with respect to honeycomb structures because of potential damage f moisture accumulation1 ' can be cited a an example. There is also the uncertainty as to the influence of components
made of cof*mpo n the structural integrity of the rotororaft when exposed for an extended
Period of tiM to adverse climatic conditions. as well as to lubicants and other chemicals
constantly present In the rotorcraft

1P, It Is believed, however, that with fte continuous, though siow. acquisition of actual
-I, operailonal experience, and davelopinent of more detailed siacifications regading the type of

acceptable structures and exposure to chemicals, the reluctance of potential customers to
IL accept rotorcraft using large ainounte of composites for primeary structures will decrease with

-~ . tim. Thus, operational uncertainties should caeto represent a strong constraint regarding the
use of composites as a means Of weight-saving for major rotorr- componients.

-. 3.3.3 Cost

There ae three major elements of cost which should be amined when utilization of
'V - new structural materials Is being considered. 0i cost r4t the matrial. (2) cost of tooling end

manufacturing facilities, and 13) cost of labor and energy (if sig~aficant) during the mianufac-
turing process
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The cost of a new material when it appears on the msarket as a prod-jct ready for prac.
td appication Is usually auite high; In many case. is-eal times more axpensive thu' the
material it is supposed to repiace. However, the orig."ally hipn material cost uqially decreases
with time; thus making it more and more economically aceptanle ur even more advantageous.

The limpnite lhow maice history Il'lrcules doal snownn io 3.ur 10 well ilustrates this
I point.

IS is 74.1 Is n d of

II Fiwure3.1 Graphite fibepr'oehistory

One can ses from this figure that fth price of groph (expressed In actual dollars) has
dropped vary substantially in spite of the inflation in the louseventiesk wheni the price of many* I other materials actually Inoresed.

Other composite materials have followed the trend Mustrated for graphite fiber. It may
be anticipated that In general. te cos of now advanced sissctural materials probably does not

.1 represent a striong constraint of limiting their application to rotorcaoft components. However,
a represntative of t fixed-wing industry (Boeling exprwd a more conserative point of
view (Ref. 20).

'We will need the Improved carbon fiber, with its higila strain and improove
* moidulus to make the expected gains over tried idwue aluminum in primary

structures. Improved fiber, we estimate, must be effor less thent half today's
price In order to achlive a costaoffective, alcneprimary structure."

The two COst constraints; namely. tooling and labw, am'usually considered as an entity
In a cost comparison of components manufactured from ob'aimaterials vs. ft baseline
materilsproduce insa "traditonal" manner. The reaider may flhdiammarles of such compaire.
tive studies In Refs. 8 and 15. Table 3.4 (based onea table fusmW 15. but expressed here in
dollars end U.S. measuring units) is given as an example.

Al At present Asirospatiale, Is one company probably hein Ale widest overall experience
in dealing with various aset of the application of copoie to components of serially-
produced helicopters. (US companies probably hav morie oxperlm with composite blades,
but not necssrly other components.) Consequently, * atualitata and projections should

o ~correctly Indicate the general trend regarding cost aspects.
... ~~..In this respecthe messagsof RfLeSs and 15 seems to bsclear:in components such

as blades, considerable cost reductions appear possible (Figre 3.11)although no weight-saving
Is anticipad lFigure 3.12). apparently because of the blade momentot inertia raqirment.
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Figure 3.11 Reduction in production costs due to composite design

With respect to other components; for instance, rotor hubs, cowlings. tail booms, and
empennage. both weight and cost savings are indicated Iw Figure 3.12, reproduced from
Ref. 6 ). It is obviouis that significant weight savings have been achieved through now design
solutions - made possible by special characteristics of the composites.
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Figure 3.12 Weight and cost sdvantages

In contast to the Aerospatiale e , opinions expressed by representatives of
fixed-wing transports (Boeing) appear much more conservative (Ref. 20).

"Advanced composites show great promise for major primary structures. Designers
*•... anticipate weight savings of 26% over metal construction. ...However, here cost

plays an important role. A 767 rudder made of carbon-fiber composite costs almost
exactly tie same as one made of aluminum but weighs less ad is a good buy. The
labor was len for composite but the material much more expensive. But in the case
of 757 utealing-edgi flaps, both material and labor for a composite version were

-o - more expensive.

The above statement, as well as future goals of Boeing regarding cost are depicted in Figure
3.13.
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VIM IOUS

- A Figure 3. Actual Boeing experience in application of composites and projection

* for the future

After weighing the opinions expressed by both rotoesraft and fixed-vwing industries.
one is Inclined to state that, in general, cost would not present a strong co~nstraint regarding
the application of composite materials to rotos. t comnfents.
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CHAPTER 4

CONCLUDING REMARKS

4.1 General Conclusions

The insugts gained through performance of this stuy lead to the following cAnciusions;

* Investigation of 96e historic trends in ralotive weight empoy (W ) of helicopter;

coupled with studies of the effect of sacraft &ue (expressed through maximum living
gross weight) indicated a rapid decline in We values through the fifties for all gross-

weight classes of Western and Soviet designs. This was followed by a much slower
decrease in Fe levegs from the sixties up to *4 present. Relative empty weights of

the existing tilt-rotor (XV-15) in the STOL and, especially, VTOL, operational
modes. are well above the corresponding helicopter levels. *e values projected for
future tilt-rotor designs (designated as the V-22 in the US.. and EUROFAR in

Europe) are still above those of their helicoplmr counterparts.

The rapid decline in helicopter We values during the fifties and early sixties was, to

a large extent, due to the transition from reciprocating to gas-turbine type power.

plants, as this change reduced the relative engine weight levels from about 9.5% for
helicopters 0f the early fifties to about 3.5% for contemporary models. This may

lead one to cnclude hat further improvements in the socific weights of power-
plants would exert little influence on We values. However, for new rotorcraft con.

cepts - which would be expected to have a l power loading than corresponding
helicopters - the influence of relative powerplnat weights on W. levels could, again,

be quite.significant.

0 Since the relative empty weights of rotorcraft are, in turn, the result of the relative
weights of their meor components. Waphs showing historic and size-related trends

in We along with those of the relative weights of components and their optimal
boundaries should provide a clear and compslsensive insight into the process of
achieving certain W* levels. Such graphs woul Prove especially useful for concept-
formulators and designers of helicopters and sw rotorcraft concepts by providing
them with a basis for making realistic weighf assumptions for new designs and
provide standards for assessing the wvighte iveness of the aircraft as a whole,

as wan as individual components, once the dietailed designs are completed or even

after the objects of the assessment are actu dly built. However, in order to retain

their usefulness, such trend-graphs nigat be k t continuously uposted.

* Although somewhat slower than before me serly sixties, the steady decline in .,

helicopter values must obviously be attributsll to a jeneral lowering of the relative-
weight values of components (excluding thoseof engines). .owever. one may expect

m that the rate of decline may not be the sae for all components. For example.

temporal relative weight trends of lifting rot. blades for Western helicopters shov
only a slight decline in W&# with time. (At firA Soviet Wal values declined rapidly.
but gradually leveled off.) These. almost conint, relative weights of lifting blades
can be attributed to strong constraints reeiAng from the requirements of certain
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values for the blade moment of inertia. However, some reductions in WbI (through
application of higlhly weight-effective structural materials) appear theoretically

possible (see Appendix to Chapter 2).

" The decline In relative weights of major helicopter components is chiefly due to

the application of new sudctural materials. exhibiting higher and higher strength
as well as elongation and rigidity moduli to specific weight ratios (indicated here
as material wght-offectiveness indices). Knowledge of the weight-effectiveness

indices tor materials used in the baseline component and those in a new design,

should enable one to. at least roughly, estimate the relativ. weight ratios of the new
to the original components. However, in this process, w@.ght-offectiveness indices
should be determined with due consideration of the loading conditions of various
elements, taking into account such factors as number of loading cycles during the
anticipated operational life of the component. loading modes (R values), and state
of the surface.

* Weight-effectiven indices point toward wider and wider application of composites
as structural materiels in rotorcraft. Initially. the high cost of composites, together
with limited operational experience In their use. appeared ac strong constraints to

their Impiementaion. But rice declines rmultng from constantly increasing sales
volume and labor.sving manufacturing techniques have improved the cost aspects.
Generally favorable feedbacks from operators regarding the behavior of composites

Ir. the field has lowed the resistance of designers toward the use of these materials.
Consequently. one may now obsorve a definite trend toward a wider acceptance of
nonmetallic materials in helicopter sructre In new rotorcraft concepts, such as
tilt-rotr or the X-wings, the use of composites has become a 'must' in order to
achieve the IF& levels necessary for competition with conventional helicopters.
especially In VTOL-type operations.

4.2 Recommnlations

Beause of the limited se of this study, severl fctors affecting past, present and,
posibly. future trends In the relative weight-empty of rotorcraft and other VTOL configure-
tions had to be omitted, In spite of the fact that the importance of these factors has been indi-
ctd by the work already performed. To rectify this situmtion, the followigg additional efforts

re recommended:

* Perform a study of trends - both historic and size-related - of specific weights and
specific fuel consumption of Western and Soviet powerplants that are applicable to
rotercraf and other VTOL configurations. Then. evaluate the impact of these trends
on the relative weigh. empty levels of rotery-wing and other VTOL concepts. as well
as on fue requirements per unit of aircraft Wou weight, unit of distance traveled.
and unit of time on station.

4 Expand and refine mathematical expressions and computational prccedures for pre.
dieting the Influence of new structural materiels on the weight of major rotorcraft
components in comparison with the baseline weivhts. The so-etablished methods
should then be te by making comparisons of iredicted and actual weights of

components manufactured from advanced materials.

lg



0 Assemble up-to-date data on advanced structural materials already on the market
and those expected to become available in the future (say. up to 5 years). Then.

upon establishing the most suitable and comprehensive way of presenting weight-
effectiveness indices of materials, prepre a practical means of making that informa-

tion svailable to the i rcteft technical community.
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